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Abstract
　　　A　Global　Positioning　System（GPS）fixed－point　network　has　been　introduced　and
operating　in　the　Kanto－Tokai　district　of　centra1Japan　since　Apri11988to　detect　crusta1
deformation　associated　with　the　convergence　of　the　Eurasian，Pacific，North　American
and　the　Phi1ippine　Sea　plates，and　to　monitor　the　crusta1movements　associated　with
crusta1activities　such　as　large　earthquakes，seismic　swarm　activities，and　volcanic
activities．This　ten・statioh　network　estab1ished　by　the　National　Research　Institute　for
Earth　Science　and　Disaster　Prevention（NIED）is　the　first　continuous1y　monitoring
network　of　its　kind．We　determine　precise　initia1position　of　the　NIED　stations　with
respect　to　the　terrestrial　reference　frame　with　one－sigma　geocentric　position　errors　of
0．14－O．22m　and　one－sigma　re1ative　position　errors　of18・29mm　in　all　three　components，
ana1yzing　one－week　of　world－wide　GPS　tracking　data　co11ected　during　GOTEX－1
campaign　carried　out　in　November1988．Then　we　determine　the　deformation　within　the
network　using　two－consecutive　days　of　data　every　fifteen　days　for　the　first　seventeen
months　of　operations．We　use　a　station　and　orbit　relaxation　method　which　re1ies
exclusive1y　on　data　co1lected　within　the　NIED　network，except　for　one　week　of
GOTEX－1data　analysis，We　detect　relative　to　the　Enzan　station　on　the　Eurasian　plate
in　central　Japan　significant　westward　motion　of28mm／yr　of　the　northem　tip　of　the
Phi1ippine　Sea　p1ate　in　southern　Izu　Peninsu1a，which　is　subducting　beneath　the　Eurasian
p1ate　at　the　Suruga　trough．We　a1so　detect　southem　southwestward　motion　of18mm／
yr　at　the　southeastern　tip　of　the　Eurasian　pIate．Significant　vertical　uplift　with　a
ve1ocity　of20mm／yr　is　detected　at　a　site　inland　of　the　Tokai　district1ocated　in　the
Akaishi　uplift　zone，and　at　the　HTS　site　on　Hatsushima　Island　in　Sagami　Bay．The
general　tendency　of　vertical　movements　of　the　other　sites　agrees　with　vertical　velocities
obtained　from70years　of　geodetic1eve1ling　and　with　Quaternary　vertica1disp1acements
determined　from　geomorpho1ogica1and　geo1ogical　evidence．We　detect　no　significant
crustal　motion　across　the　Fossa　Magna　tectonic　zone　in　central　Japan　often　considered
a　p1ate　boundary，across　the　Kanto　Basin，nor　across　the　Sagami　trough　associated　with
the　subduction　of　the　Phi1ippine　Sea　Plate　beneathnortheast　Japan－We　observe　crustal
movementinthe　HTS－KWNbase1inebetweenthe　Hatsushima　IslandandtheKWNsite
at　Kawana　in　Ito　city　associated　with　seismic　swarm　and　submarine　volcanic　activity
off　the　east　coast　of　the　Izu　Peninsu1a　in　Ju1y1989．We　find　significant　crustal　move
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ment　only　in　the　period　of　the　peak　swarm　activity　between　July4andユO　before
vo1canic　tremors　occurred　on　Ju1y1！and12and　a　submarine　Teishi　vo1canic　eruption
㎝July13．The　crustal　movement　showsthat　the　KWN　site　moved136mm　to　the　south，
62mm　to　the　west，and　about50mm　up　relative　to　the　HTS　site，and　the　baseline1ength
extended145mm．Our　resu1ts　demonstrate　the　power　of　regiona1ly　based，continuously
monitoring　GPS　networks　for　obtaining　temporally　dense　measurements　of　sma1l
horizonta1and　vertical　crustal　movements　across　plate　bomdary　zones　and　the　evo1u－
tion　with　time　of　crusta1events　such　as　seismo－vo1canic　activities．
Key　wordslCrustal　movement，GPS（Global　Positioning　System），Kanto－Tokai　district、
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1．　　Introduction
1．1　Scientific　Backgrou皿d　i皿the　Kanto－Tokai　District
　　　Japan1ies　in　the　convergent　boundary　zone　between　the　Eurasian（EUR），the　Pacific
（PAC），the　North　American（NA）and　the　Phi1ippine　Sea（PHS）p1ates．Centra1Japan　is
composed　ofnortheast（NE）Japan，southwest（SW）Japan　and　the　co11iding　northerntip
of　the　PHS　p1ate．In　the　Kanto－Tokai　area，the　PHS　p1ate　is　subducti㎎beneath　SW
Japan　and　NE　Japan　a1ong　the　Suruga　and　the　Sagami　troughs　respective1y，and　co11iding
against　the　main　part　of　Japan　in　the　Izu　Peninsu1a1ocated　between　those　troughs（Fig．
1）．The　PAC　p1ate　is　subducting　beneath　NE　Japan　a1ong　the　Japan　trench　east　of　the
Kanto　district　and　beneath　the　PHS　p1ate　a1ong　the　Izu－Bonin　trench．The　Fossa　Magna
which　cuts　across　Honshu　Is1and　forms　a　tectonic　boundary　between　NE　Japan　and　SW
Japan．SW　Japan　inc1uding　the　Tokai　area　is　thought　to　be　a　part　of　the　EUR　plate．
Recent　studies　have　specu1ated　whether　NE　Japan　inc1uding　the　Kanto　area　be1ongs　to
the　EUR　or　NA　p1ate，or1ies　on　an　independent　micropIate（Seno，1985）．In　any　case，the
reIative　movement　between　EUR　and　NA　p1ates　is　no　more　than10mm／yr　in　the　area
a1ong　the　Fossa　Magna（Seno，1985），significant1y　sma11er　than　the　convergence　rate　in
the　p1ate　boundaries　between　PAC　p1ate　and　NE　Japan　and　between　PHS　p1ate　and　the
main　part　of　Japan（Niitsuma，1989）．
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Fig．1．The　tectonic　setting　of　the
　NIED　fixed－point　GPS　track－
　ing　network　in　the　Kanto　and
　Tokai　districts　of　central
　Japan．The　ten　stations　are
　indicated　by　bo1d　dots　and　are
　identified　by　three－character
　codes．The　inset　shows　the
　boundaries　between　the　Eur－
　asian（EUR），Pacific（PAC）and
　PhilipPine　Sea　（PHS）P1ates．
Southeast　Japan（SWJ）is　con－
　sidered　part　of　EUR．Northeast
　Japan（NEJ）has　been　consid－
　ered　either　part　of　the　EUR，
　the　North　America（NA）plate
　or　as　a　separate　microplate．
　The　Fossa　Magna　tectonic
　zone　is　denoted　by　the　portion
　of　the　dashed　line　which
　extends　from　the　northem　end
　of　the　Suruga　trough　to　the
　northem　coast　of　Honshu
　Island．
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　　　Re1ative　motion　of　EUR　and　PHS　p1ates　in　the　Izu　Peninsula　area　is　estimated　to　be
N57．W30mm／yrfromthemode1ofSeno（1977）orN4『W50mm／yrfromtheMinster
and　Jordan（1979）mode1．Senoθオα／．（1987）redetermined　the　po1e　position　and　velocity
between　EUR　and　PHS　and　obtained30－40mm／yr　in　the　Kanto　area　with　a　direction
between　the　two　earlier　estimates．Recent　g1oba1mode1s　of　the　current　p1ate　motions
（NUVEL－1）exc1ude　the　PHS　p1ate　in　the　so1ution（DeMetsθオα／．，1990）．Hashimoto　and
Jackson（1991）inverted　geodetic　data　inc1uding　VLBI　to　obtain　b1ock　ve1ocities　for　the
Japanese　archipe1ago．In　particu1ar，they　obtained　a　ve1ocity　of　PHS　at　the　Nankai－
Suruga　trough　of32mm／yr　with　an　azimuth20．more　wester1y　than　Senoε6α1．（1987），
if　they　assume　that　the　Izu　b1ock　is　part　of　PHS．If　they　assume　that　the　Izu　b1ock　is　not
apartofPHS（theirpreference）thenitismovi㎎intheN6ぴWdirectionwith22mm／
yr．
　　　　Horizonta1deformation　between　the　west　coast　of　the　Izu　Peninsu1a　and　SW　Japan
across　the　Suruga　trough　have　been　determined　from　repeated　geodetic　triangu1ation　and
trilateration　measurements．The　contraction　caused　by　the　plate　motion　of　the　Izu
Peninsu1a　has　been　determined　to　have　a　ve1ocity　of　around　lo　mm／yr　in　the　direction
near1y　perpendicu1ar　to　the　trough　axis　between1884and1990（GSI，1991a；Tada，1991）．
Geodetic　lines　between　Izu－Oshima　Is1and　on　PHS　p1ate　and　the　coasta1area　of　NE　Japan
across　the　Sagami　trough　have　been　surveyed　between1970and1991，indicating　contrac－
tion　with　a　ve1ocity　of　about10mm／yr（GSI，1991b），a1though　the　triangu1ation　point　on
Izu－Oshima　Is1and　may　be　in　the　regiona1deformation　zone　in　and　around　the　is1and
associated　with　the　eruption　of　the　Izu－Oshima　voIcano　in1986．Because　of　the　co11ision
of　the　Izu　Peninsu1a　against　the　main　part　of　Honshu　Is1and，the　Izu　Peninsu1a　is
considered　to　be　severe1y　deformed　with　movement　which　is　not　spatia11y　and　tempora11y
homogeneous（Somervi11e，1978；Nakamuraθチα／．，1984；Ukawa，1991）．GSI（1987）indicat－
ed　intema1deformation　of　the　Izu　Peninsu1a　from　a　geodetic　network　with　average
distances　of8km　surveyed　in1931and1983．These1ong　period　deformations　are
contaminated，however，by　co－seismic　and　aseismic　deformations　in　the　p1ate　bomdary
zone，They　conc1uded　that　northwest－southeast　contractions　are　dominant　in　the　area，
although　the　deformations　show1arge　scatter　of　the　maximum　extension　va1ues　and
directions．Misawa　and　Fujii（1991）examined　electronic　distance　measurements　in　the
Izu　Peninsula　in　the　period　1973to　1987and　found　significant　west　to　west－
southwestward　deformation　in　the　westem　part　which　differed　considerab1y　from　defor－
mation　in　the　northeastem　portion，Frequent1arge　earthquakes　occur　in　the　vicinity　of
the　Izu　Peninsu1a：the1923Kanto　earthquake（〃＝7．9），the1930North－Izu　earthquake（〃
＝7．0），the1974Izu－Hanto－oki　earthquake（〃＝6．9）at　the　south　end　of　the　Izu　Peninsu1a，
the1978Izu－Oshima－Kinkai　earthquake（〃・7．O）running　from　west　off　Izu－0shima　Is1and
to　the　middIe　of　Izu　Peninsu1a，and　the1980Izu－Hanto・Toho－oki　earthquake（〃＝6．7）off
the　east　coast　of　the　Izu　Peninsu1a．The　Izu　Oshima　vo1cano　erupted　in1986，accompanied
by　a　one－meter　width　NNW－SSE　directed　fissure　opening（Shimadaθ≠α1、，1988a；
Hashimoto　and　Tada，ユ988；Okubo　and　Watanabe，1989）．East　of　the　Izu　Peninsu1a，
seismic　swarms　have　occurred　frequent1y　since1978associated　with0．4m　crusta1up1ift
（Tada　and　Hashimoto，1991）．On　Ju1y1989，a　submarine　vo1canic　eruption　occurred　in　the
same　area，fo1lowing　a　severe　seismic　swarm　and　a　one－meterwidthWNW－ESEdirected
fracture　opening（Shimada4α／．，1990；Tada　and　Hashimoto，1991；Okada　and
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Yamamoto，1991）．
　　　Between　EUR　p1ate　and　the　s1ab　subducting　at　the　Suruga　trough，an　M8c1ass，so
ca11ed“Tokai”，interp1ate　dip－s1ip　type　earthquake　is　hypothesized　by　Ishibashi（1981）．
The　subducted　area　facing　the　Suruga　Bay　in　SW　Japan　is　considerably　deformed
according　to　geodetic　network　data（Harada　and　Ikawa，！969；Mogi，1970；Hashimoto，
1990）．The　direction　of　the　principa1axes　of　strain　indicates　west－northwestward
maximum　contraction，almost　perpendicu1ar　to　the　Suruga　trough．Frequent　leve11ing
survey　over　a　period　of　one　century　revea1s　the　rapid　subsidence　along　the　coast　facing
the　Suruga　Bay　in　SW　Japan（Dambara，1971；Thatcher　and　Matsuda，1981；GSI，1991a）．
Tota1subsidence　amounts　to　about150mm　from1962to1990at　the　southwestem　tip　of
SW　Japan　a1o㎎Suruga　Bay（GSI，1991a）with　a1most　constant　ve1ocity　of4－5mm／yr．
Such　horizontal　and　vertica1strains　around　the　westem　shore　area　of　Suruga　Bay　are
interpreted　to　be　a　ref1ection　of　the　stress　accumu1ation　within　the　subducted　EUR　p1ate，
and　evidence　of　the　long－term　precursor　of　the“Tokai’’earthquake．
　　　　Seismologica1methods　revea1the　distribution　of　the　principal　stress　fie1d　in　the
Kanto－Tokai　district（Ukawa，1982；Nakamuraθτα／．，1984；Ishibashi　and　Ishida，1989；
Ukawa，1991）．In　the　northern　and　centra1part　of　Kanto　district，foca1mechanisms　of
sha11ow　earthquakes　and　active　fau1ts　and　the　hydrau1ic　fracturing　stress　measurements
indicate　comp1icatedESE－WNW　to　N－S　distribution　oftheprincipal　compressiona1axis，
inf1uenced　by　the　westward　re1ative　movement　of　the　subducting　PAC　p1ate　and　the
co11ision　of　PHS　p1ate（Tsukahara　and　Ikeda，1987）．For　the　stress　fie1d　in　the　lower　crust
and　the　upper　mant1e，the　co11ision　of　the　subducting　PAC　and　PHS　s1abs　beneath　the
Kanto　p1ane　results　in　a　three－dimensiona11y　more　comp1ex　distribution　of　the　P－and
T－axes　of　earthquakes（Kasahara，1985），indicating　the　tight　coup1ing　of　PAC　and　PHS
s1abs　subducting　beneath　NE　Japan．In　the　southem　part　of　Kanto　district，the　compres－
siona1stress　fie1d　revea1s　a　NW－SE　directed　P－axis　in　the　upper　crust，affected　by　the
subduction　of　PHS　p1ate　a1ong　the　Sagami　trough（Tsukahara　and　Ikeda，1987；Suzuki，
1989）．The　principa1stress　fie1d　in　SW　Japan　in　the　Tokai　district　has　an　E－W　to
ESE－WNWoriented　P－axis　and　the　N－S　to　NNE－SSWT－axisintheuppercrust，affected
by　the　subduction　of　PHS　and　PAC　p1ates（Ukawa，1982；Tsukahara　and　Ikeda，1987）．In
the　northerntipofPHS　plate，there　is　afan－shapedtrajectoryoftheprincipa1axisvaries
from　NW－SE　direction　along　the　Sagami　trough　to　NNE－SSW　direction　a1ong　the
Suruga　trough（Nakamuraθ去α1．，1984；Ishida，1984）．Ukawa（1991）interpreted　the
variation　to　be　the　result　of　the　co1Iision　of　the　Izu　b1ock　with　EUR　p1ate，using　a
two－dimensiona1finite　e1ement　method．Another　important　characteristic　of　the　stress
state　in　the　area　is　that　the　T－axes　of　most1arge　earthquakes　are　deduced　to　be
horizonta1and　the　strike－type　earthquakes　are　prominent　with　vo1canic　activity（Na－
kamuraθオα1．，1984）．
　　　　Geo1ogica1and　geomorpho1ogical　studies　in　the　Kanto－Tokai　area　revea1Quaternary
vertica1movement　and　the　distribution　of　the　active　fau1ts　which　inform　us　of　the
distribution　of　the　horizontal　stress　and　strain　fie1d　in　the　area．The　vertica1movement
during　the　Quaternary　inc1udes　more　than　l000m　tota1uplift　in　the　in1and　mountainside
oftheTokaidistrict，andmorethanlO00mtota1subsidencecenteredintheKantobasin
（NRCDP，1969，Res♀arch　Group　for　Quaternary　Tectonic　Map，1973）・This　pattern　of
uplift　and　subsidence　is　a1most　identica1with　that　obtained　from　the　recent70years　of
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geodetic　leve11ing（Dambara，1971）．Levelling　surveys　revea1more　than4mm／yr　up1ift
in1and　of　the　Tokai　district，and　more　than2mm／yr　subsidence　in　the　Kanto　p1ane　and
around　the　Suruga　Bay　area．The　subsidence　in　the　Kanto　plane　is　we11known　as　the
Kanto　basin　bui1ding（e．g、，Naruse，1968），and　physica11y　re1ated　to　the　col1ision　of　the
subducting　PAC　and　PHS　s1abs　occUrring　beneath　the　Kanto　plane（Kasahara，1985，Sato，
1988）．The　distribution　of　the　in1and　up1ift　in　the　Tokai　district　is　rather　we11－known　from
geo1ogica1and　geomorpho1ogica1methods（e．g、，Niitsuma，1989），but　the　recent　distribu－
tion　by　means　of　geodetic　surveying　is　not　we11－investigated　because　of　the　difficu1ty　of
the1eve11ing　in　this　mountainous　region（Kato，1984）．The　active　faults　are　main1y
distributed　in　and　aromd　the　Izu　Peninsula　and　the　foot　areas　of　the　inland　mountains
（Research　Group　for　Active　Faults　ofJapan，1980a，b≡Wesnouskyθ～／．，！982）．The　dense
distribution　of　active　faults　is　caused　by　co1Iision　of　the　Izu　Peninsula　and　the　EUR　plate
and　ref1ects　the　considerab1e　deformation　of　the　Izu　Peninsula　mentioned　above．
1．2　Comventiom1Observations　of　Cmsta1Movements
　　　　To　understand　the　tectonics，the　evolution　of　seismic　and　vo1canic　activity，and　the
nature　of　crusta1deformation　in　the　plate　converging　zone，it　is　very　important　to
eva1uate　quantitatively　the　secu1ar　crusta1strain，as　we11as　the　disp1acement　caused　by
major　inter－and　intra－p1ate　earthquakes　and　volcanic　activities．Geodetic　measurements
are　one　of　the　major　approaches　that　is　used　to　quantitative1y　investigate　crusta1strain
at　the　present　time．Conventiona1geodetic　measurements　are　surveying　and　continuous
observations　using　ti1tmeters，strainmeters，extensometers，tide　gauges，and　other
methodsI
　　　　Surveying　is　the　major　method　used　to　detect　the　distribution　of　crusta1deformation，
and　surveying　studies　have　been　conducted　in　areas　deformed　by1arge　earthquakes，
earthquake　swarms，and　vo1canic　activities．Conventiona1surveys　are　composed　of
horizontal　measurements　conducted　by　triangu1ation，trilateration　measurements　and　the
vertica1measurements　using　leve11ing　instruments．The　major　disadvantages　of　conven－
tional　surveying　are　the　difficulties　of　continuous1y　monitoring　the　evolution　of　crusta1
activities，and　the1ppm－level　errors　caused　by　tropospheric　refractions　that　are　a
consequence　of　the　horizonta1inhomogeneity　of　the　surface1ayers　of　the　troposphere．It
is　usua11y　very　difficu1t　for　intermittent　surveying　to　tempora11y　and　spatially　separate
coseismic　motions　from　pre－and　post－seismic　phenomena．Since　surveying　is　carried　out
a1ong　the1eve11ing　route，it　is　difficu1t　to　discover　the　spatial　distributions　of　the　vertica1
movements　in　a　conventional　survey．In　addition　surveying　results　frequent1y　inc1ude
systematic　errors　caused　by　the　refraction　of　visible　light，especia11y　in　mountainoUs
areaS．
　　　On　the　other　hand，continuous　crusta1movement　observations　using　ti1tmeters，
strainmeters，extensometers，and　tide　gauges　have　the　capabi1ity　of　conducting　continu－
ous　monitoring　with　reso1ution　of　the　order　of　lO■9（for　instance，Shichi　and　Okada，1979；
Agnew，1986）with　the　exception　of　the　poor　lO　mm－1eve1reso1ution　of　tide　gauges．
However　ti1tmeters，strainmeters，and　extensometers　are　usua1ly　insta11ed　on　a　base　that
is　a　maximum　of　severa1hmdred　meters1ong．There　a1so　exists　another　problem　with
loca1displacement　that　is　caused　by　vault　or　borehole　creeping，crack　movements　from
rainfa11and　groundwater　changes，Thus　it　is　very　difficu1t　for　most　of　ti1tmeters，
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strainmeters，and　extensometers　to　measure1ong－term　regiona1crustal　deformations
aCCurateIy．
　　　In　the　Kanto－Tokai　district，networks　of　boreho1e　ti1tmeters　and　boreho1e　strain－
meters　were　introduced　in　the1970’s（Hamadaθチα／．，1982；Furuya，1984；Fukudome，
1985）．In　addition　to　the1ong－term　instrumenta1drift，those　instruments　were　revealed　to
be　unstable　during　strong　acce1erations　by1arge　earthquakes，because　of　poor　coup1ing
with　surrounding　basements　and　instrumenta1instabi1ities．In　this　area，observations　by
a　dense　seismometer　network（Hamadaθ左α／．，1982；Okada，1984）and　large　sca1e
geophysica1，geo1ogica1，and　geomorpho1ogica1studies　have　been　carried　out　with　the
purpose　of　revea1ing　the　nature　of　seismo－tectonics．Another　objective　of　the　network　is
to　investigate　the　evo1ution　of　seismo－vo1canic　activities　re1ated　with　the　hypothesized
“Tokai”earthquake　and　other1arge　earthquakes　beneath　the　metropo1is　of　Tokyo．A
continuous　and　accurate　geodetic　network　is　p1amed　for　the　purpose　of　a　geodynamic
study　which　wiI1revea1the　nature　and　the　mechanism　of　crusta1activities，and　detect
tectonic　movements　and　strain　accumu1ation．To　achieve　these　objectives，automated
and　remote　contro11ed　measurements　of　a　base1ine　network　are　thought　to　be　effective
if　the　network　has　a　spatia1length　of　at　least　severa1tens　of　ki1ometers　and　possesses
mm－1eve1accuracy．Conventional　e1ectric　distance　measurements（EDM）do　not　have　the
capabi1ity　to　carry　out　this　goa1．The　recent　development　of　space　geodesy　techniques，
Very　Long　Baseline　Interferometry（VLBI），Satel1ite　Laser　Ranging（SLR），and　G1oba1
Positioning　System（GPS）interferometry　make　it　possib1e　to　observe　a　base1ine　network
that　is　severa1tens　of　kilometers1arge　with　mm－1eve1accuracy，and　especia1ly　in　the　case
of　a　fixed－point　network　of　GPS　interferometry　receivers　observations　may　be　carried
out　automatica1ly　and　continuous1y．
　　　In　this　paper　we　wi11introduce　the　deve1opment　of　the　first　fixed－point　GPS　interfer－
ometric　network　in　the　world　for　a　geodynamic　study　in　the　Kanto－Tokai　district　and
some　interesting　results　obtained　from　the　initia1seventeen　months　of　data　observed　by
the　network．
2．　GPS　Fixed－Point　Crusta1lMoveme皿t　ObserYation　Network
2．1　GPS　Interferometry
P0〃P0∫肋0〃〃9
　　　The　G1oba1Positioning　System（GPS）is　a　navigation　system　deve1oped　and　operated
by　the　govemment　of　the　United　States　of　America（Spilker，1978）．The　primary　object
of　the　system　is　to　provide　accurate　real　time　g1oba1positions　for　ships，airplanes，and
other　mobi1e　vehic1es　anywhere　on　and　above　the　g1obe．The　system　is　composed　of　the
artificia1satemtes　at　about20，200km　altitude，receivers　on　the　vehic1es，and　the
direction　board　in　the　United　States．When　the　system　comp1etes，the　GPS　conste11ation
wi11consist　of24sate1Iites．For　the　period　of　our　study　in1988and1989，7experimental
（“B1ock　I”）sate11ites　and2operational（“B1ock　II”）sate1lites　are　under　operation．Each
sate1lite　transmits　signa1s　on　two　L－band　carrier　frequencies，that　is，Ll　and　L2band
radio　waves　at1．57542and1．2276GHz　respective1y．Each　is　modu1ated　by　severa11ower
frequency　signa1s．These　signals　consist　of　a　Coarse　Acquisition（C／A）code　on　Ll　band，
and　a　Precise（P）code　on　both　bands，in　which　the　information　on　the　accurate　c1ock　and
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satel1ite　positions（broadcast　ephemeris）are　invo1ved．
GPS〃θψγ0舳卿α〃0106れ〃07∫
　　　GPS　interferometry　is　the　methodology　in　which　GPS　sate1lite　radio　waves　are
applied　for　the　precise　measurements　of　base1ine　vectors（e．g．，Prestonθ左α／．，1972；
MacDoran，1979；Counse1man　and　Shapiro，1979；King4α／．，1985；Larson，1990；Dixon，
1991）．In　the　measurements，GPS　interferometric　receivers　are　instal1ed　at　more　than　two
sites　simu1taneous1y．Each　receiver　usua11y　tracks　more　than　four　sate1lites　and　records
Ll　and　L2phases，C／A　code　and／or　P　code　signa1s．For　each　sate1lite　the　phase　is
expressed　as　the　sum　of　the　trave1time，time　de1ays　caused　by　the　propagation　in　the
ionosphere　and　troposphere，and　c1ock　errors　of　sate11ite　and　receiver＝
　　　　　　　　　　　ρ汲　f・・　卿　　。”　。。。　　　φ1l＝ω（τ十τ脈十τ疵十τ1・τf）　　　　　　　　　（1）
whereφ脈is　the　phase　of　i－th　receiver　and　k－th　sate11ite，ωfrequency　of　the　phase，ρ吸the
distance　between　the　receiver　and　sate11ite，o　the　speed　of1ight，τ簑”the　ionospheric
d・1・y，τ㌘th・t・・p・・ph・・i・d・1．y，小h・・1・・k・・・…fk－th・・t・l1it・，・・dぐth・・1・・k
error　of　i－th　receiver．By　simu1taneously　tracking　a　sing1e　sate11ite　with　two　receivers，
one　can　form　a“sing1e　difference”of　the　carrier　phases．This1inear　combination　of　ob－
servab1es　is　simp1y　the　subtraction　of　the　Phase　observab1e　at　stations　i　and　j，φf　andφ11
which　yie1ds：
・φ帆走一φ．一φ、・ω（△ξ帖・・考1・・1漂・・17）
（2）
where
△ρぺρ此ρjl
△都・τ婁㌧τ1㌘
△τ募τ・τ㌘一τ㌘
△ず・τ㌘τr
（3）
（4）
（5）
（6）
where△φヨj，。，is　the　sing1e－differenced　phase　of　i－th　and　j－th　receivers．Sing1e　differences
remove　the　sate11ite　c1ock　error．By　tracking　two　sate11ites　with　two　receivers，the　doub1e
difference　observable　is　formed：
・・1リ疋、・一（△三1榊…1鴉…1鰐） （7）
where
△2ρ榊・（ρパρ、、）一（巧此一ρj、）
△2鳩・（τ婁蜆一τ㌻蜆）一（τ集“一τll”）
（8）
（9）
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　　　　△2棚・（τ㌘p一椚一（τ㌘一τ㌘）
The　receiver　c1ock　errors　are　now　a1so　e1iminated、
（10）
1o〃o∫〃〃61〕θ伽
　　　　Next　we　wil1exp1ain　the　way　to　reduce　the　ionospheric　de1ay　using　the　dua1
frequency　phase　observation．Thompsonθ’α／．（1986）give　a　comprehensive　review：
　　　　Free　e1ectrons　exit　in　the　ionosphere　and　interact　strong1y　with　any　e1ectromagnetic
signa1in　the　frequency　rang　of　GPS．Ionospheric　effects　are　proportiona1to　the　integrat－
ed　e1ectron　content　a1ong　the　signa1path．The　trave1time　for　a　group　de1ay　measure－
ment　can　be　represented　by
　　　　　　　　ρ　　ノ　　B　　　　τ・一・一・一・…　　　　　　　　　　　　　　　　　　　　（11）　　　　　　　　C　∫2　∫3
where　the　termλ／∫2represents　most　of　the　ionospheric　de1ay　experienced　at　frequency
ズλis　constant，and　B　is　proportional　to　the　average　magnetic　field　strength．If　we
ignore　the　third－and　higher－order　terms，the　differentia1group　delay△τbetween
observation　at五（the　L2frequency）and五（the　Ll　frequency）is（Spi1ker，1978）：
　　　　　　　！　　！△τ畠ノ（一一一）
　　　　　　　あ2尤2
　　　　　ノ＾2一篶2
　　　・一（　　　）
　　　　　＾2　ム2
（12）
・τ、［Wあ）2－！1
whereτユis　the　group　deIay　at　L1．Simi1ar　equations　can　be　constructed　for　the　carrier
phase　observabIe．Dual　frequency　observations　therefore　allow　e1imination　of　major
ionospheric　effects（but　not　third－and　higher－order　terms）for　both　pseudorange　and
carrier　phase　measurements．
　　　For　many　app1ications　it　is　desirab1e　to　consider　linear　combinations　of　data，to
iso1ate　or　reduce　errors，or　to　reduce　computation　time　by　compressing　observations　to
a　single　data　type．A　good　example　is　the　ionosphere－free　phase　observab1e五C　given　by
（e．g．，Kingθオα／．，1985）：
　　　　　　　　　1，2Z、一μ、　　　　　　　　　　　　　　（13）　　　ZC・（　　　　）
　　　　　　　　　　　＾2一ム2
where工1and　L，here　represent　carrier　phase　ranges　at　the　two　frequencies　for　a
particu1ar　receiver－sate11ite　pair（i．e．，Lユ・一6φ1／∫and　simi1arIy　for　L。），LC　is　the
ionosphere－free　phase，and　the　effective　wave1ength　isλ。・6／ぴ十五）：一107mm（54mm
for　comp1ete1y　code1ess　receivers）．The　shorter　effective　wave1ength　ofλ。imp1ies　that
reso1ution　of　carrier　phase　cycle　ambiguities　wi11be　more　comp1icated．For　this　reason，
and　a1so　because　noise　is　amp1ified　by五C，it　may　be　desirabIe　to　use　single－
frequencymeasurements　for　very　short（10km　or1ess，depending　on　ionospheric　activity）
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base1ines　where　ionospheric　effects　are　smal1or　process　the　two　frequencies　separate1y．
τγ0カ0∫助θγたル伽
　　　Dixon（1991）reviewed　about　the　tropospheric　de1ay　effects　on　the　GPS　signa1s．A
GPS　signa1is　bent　and　s1owed　in　its　passage　through　the1ower　atmosphere（troposphere）。
The　de1ayτtmP　is　the　difference　in　trave1time　between　actua1signa1propagation　and　the
theoretica1transit　time　in　vacuum．It　is　usua11y　expressed　as　equiva1ent　path1ength　by
mu1tip1ying　by　the　speed　of1ight　and　can　be　defined　by　the　difference　of　two　path
integra1s（Davisθ左αZ．，1985）：
τ｝卯・∫庇卯榊一∫、藺、ゐ （14）
where〃⑤is　the　index　of　refraction　at　the　point∫a1ong　the　path　and〃v、。・1is　omitted
from　the　second　integra1．Evaluation　of　the　first　integral　requires　an　atmbspheric　model．
A11components　of　the　atmosphere　contribute　to　the　de1ay，but　it　is　convenient　to　consider
two　components　separate1y．The“dry”de1ay　is　associated　with　moIecu1ar　constituents　of
the　atmosphere　in　hydrostatic　equilibrium（inc1uding　H20），and　the“wet”de1ay　is
associated　with　water　vapor　not　in　hydrostatic　equilibrium．The　dry　delay　is　typicany
2000－2300mm　at　zenith（elevation　ang1e，θ・90。）at　a1titudes　near　sea1eve1，whi1e　the
zenith　wet　delay　might　range　from30to300mm．The　de1ay　at　other　e1evation　ang1es　is
1arger，increasing　approximate1y　as1／sin（θ），but　other　effects　are　incorporated　in　a
“mapping　function”for　greater　accuracy，inc1uding　the　finite　height　of　the　atmosphere，
the　vertical　distribution　of　components，Earth　curvature，and　ray　bending（e．g．，B1ack　and
Eisner，1984；Davis4α／．，1985）．The　total　path　de1ay　can　be　written　as
ρ（θ）・赦、（θ）・ρ畑、（θ） （15）
whereグrefers　to　the　path　de1ay　at　zenith（hereafter　the　zenith　de1ay），subscriptsゴand
〃refer　to　dry　and　wet　components，respectively，and〃（θ）is　a　mapping　function，
assumed　to　be　azimutha11y　symmetric．
　　　The　dry　zenith　de1ay　is　determined　by　measurement　of　surface　pressure．If　such
measurements　are　not　avai1ab1e，standard　atmospheric　conditions　can　be　assumed，and
an　initia1estimate　for　the　dry　zenith　de1ay　approximated　from　the　standard　pressure　P
（in　hPa），based　on　the　surface　elevation　of　the　stationゐ，and　a　scaIe　height　H，typica11y
7km（Tra11iθオα1．，1988）：
1〕　＝　！0！3θ■”” （16）
Subsequent　ana1ysis　of　the　GPS　data　can　improve　the　initia1estimate　and　reduce　the
effect　of　errors　in　this　parameter　on　the　base1ine　estimates．
　　　The　wet　zenith　delay　can　be　estimated　in　at1east　three　way：by　measurement　of
surface　temperature　and　re1ative　humidity　coup1ed　with　a　simp1e　atmospheric　model（e．
g．，Davisθチα／．，1985）；with　a　water　vapor　radiometer（WVR），an　instrument　that
measures　atmospheric　blackbody　radiation　in　the　microwave　region，which　affected　by
a　rotationaI　mo1ecular　transition　of　water　vapor　near22．2GHz（e．g．，Janssen，1985；
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Robinson，1988）；and　by（stochastic）1east　square　estimation　techniques　withoutαμゴo〃
ca1ibration，exp1oiting　the　data　strength　of　GPS　and　the　known　e1evation　ang1e　depen－
dence　of　the　wet　delay（Tra11iθ～／．，1988；Dixon　and　Komreich　Wo1f，ユ990；Dixonθfα／．，
1991a）．In　this　study　we　usua11y　estimate　the　zenith　de1ay　parameter　per　site　per　session
which　includes　both　dry　and　wet　delays　in　the1east　square　solutions．
ん肋伽伽地∫0〃加
　　　　Phase　observations　are　ambiguous　by　virtue　of　the　unknown　integer　number　of
cyc1es　between　the　receiver　and　the　sate11ite，Kingθ～／．（1985）reviewed　the　problem　on
the　ambiguity　resolution　as　follows．Once　the　sate1lite　signals　have　been　acquired　by　the
receiver　the　whole　number　of　cyc1es　are　tracked　and　counted．Therefore，the　initial
（unknown）integer　number　of　cyc1es　are　the　same　over　a　particu1ar　observing　session　and
can　be　represented　by　a　sing1e　bias　term．A　new　bias　term　is　introduced　if　the　receiver
1oses1ock　on　the　sate11ite　and　the　integer　bias（cyc1e－s1ip）couId　not　be　fixed．
　　　The（undifferenced）carrier　beat　phase　and　sing1e－difference　phase　observab1es
a1ways　contain　unknown　constant　terms　arising　from　the　sate11ite　and　station　osci11a－
tions．As　the　mknown　integer　number　of　cyc1es　win　be　indistinguishab1e　from　the　initia1
c1ock　terms　it　makes　no　sense　to　attempt　to　reso1ve　the　integer－cyc1e　ambiguity．The　two
terms　are　combined　and　so1ved　for　as　a　sing1e　parameter．This　term　is　not　usuany　an
integer．The　observed　phases　can　also　be　differenced　between　epochs　avoiding　this
prob1em．However，since　the　c1ock　and　bias　terms　cance1in　dbub1y－differenced　phases　the
integer－cyc1e　an1biguity　can　be　resolved　provided　the　observations　are　precise　enough．
With　doub1e　differences　the　ambiguity　biases　are　estimated　a1ong　with　the　geodetic
parameters，Departures　from　integer　values　can　be　attributed　to　measurement　noise　and
errors　in　the　theoretica1model　for　the　observable．We㎞ow　of　no　simp1e　method　for
forcing　them　to　be　integers．Idea1ly，values　for　the　bias　parameters　obtained　from　a
preliminary　solution　wi11be　c1ose　to　integers　and　uncertain　by1ess　than　one　cyc1e．These
estimates　are　romded　to　the　nearest　integer　and　the　least　squares　solution　is　repeated
with　the　biases　he1d　fixed　at　these　values．Statistica1tests　are　then　applied　to　decide
whether　the“best”integer　biases　were　selected．For　baselines1ess　than20－30km　in
length　the　precision　of　the　estimated　biases　is　usually　high　enough　to　a11ow　the　integer
va1ues　to　be　reso1ved（Bockθオα／．，1985）．
　　　The　other　major　error　sources　are　imprecise　coup1ing　of　the　receiver　coordinates
withtheterrestrialreferenceframeandtheerrorsofthesatel1iteorbita1parameters．We
studied　the　way　to　reduce　those　errors　for　a　fixed－point　GPS　network．Detai1s　of　this
procedure　are　described　further　beIow．
ムθα∫’Sμ舳E∫オ伽α肋〃
　　　The　time　evo1ution　of　phase　observab1es　is1arge1y　a　function　of　observation　geome－
try，Dixon（1991）reviews　the1east　square　estimation　of　the　data．Given　prior　knowledge
of　the　approximate　ground　station　positions　in　a　terrestriaI　reference　frame，sate11ite
orbits，Earth　orientation，and　initial　estimates　of　atmospheric　delay，it　is　possib1e　to
generate　fair1y　accurate　models　for　the　observab1es．With　these　mode1s，and　know1edge
of　how　the　observable　oろwou1d　change　given　a　sma11change　in　a　parameter　x（given　by
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the　partial　derivative，δ（oろ）／δ克），1east　squares　techniques　can　be　app1ied　to　the　observ－
ab1es　to　improve　estimates　ofπ．Fol1owing　Kingθ～／．（1985），given　an　observab1e　mode1
6，an　observation／，and　an　observation　error　o（a11functions　of　time），
c＝1＋γ （17）
This　can　be1inearized　by　expanding　the　left－hand　side　in　a　Tay1or　series　and　dropping
second－and　higher－order　terms，expressing　o　as　a　vector　of　initia1estimates　of　the
observab1es6、，based　onα〃ケoガvalues　ofλ，久。，p1us　incrementa1corrections［δ（oろ）／倣］汝，
to　bg　constrained　by　the　data　and　its　errors．The1inearized　observation　equation　in
matrix　form　is
c　＋A伽＝1＋γ （18）
where　A（the　design　matrix）is　the　matrix　of　partia1derivatives，放is　a　vector　of　sma11
corrections　toκα，and　o　is　now　the　vector　of　postfit　residua1s，The　quantity　minimized　is
the　weighted　sum　of　squared　residua1s，given　by　oTWo，where　W，the　weight　matrix，is
the　inverse　of　P，the　co▽ariance　matrix．The　so1ution　is
麦＝x　＋血 （19）
whereガis　the　best　estimate　of九，荻・N■1ATTW（／－o。），and　N　is　the　norma1equation
matrix　given　by　ATWA．The　normal　equation　matrix　is　inverted　using　any　standard
method　such　as　Gaussian　elimination　or　Grout－Cholesky．However，a　so1ution　can　only　be
obtainedifbothPandNarenon－singular，Usua1lyPwi1lbediagonalandtherefore
non－singu1ar．On　the　other　hand，the　observations　are　not　necessarily　sensitive　to　all　the
parameters　in　the　theoretica1modeI．In　this　case　N　is　singu1ar．For　examp1e，GPS
doub1y－differenced　phase　observations　contain1ittle　information　on　the　reference　system
origin．Accordingly　on1y　re1ative　positions　can　be　estimated．Additiona1information　must
be　introduced　to　obtain　abso1ute　positions．One　way　of　achieving　this　is　to　constrain（hold
fixed）theα卯ゴoガcoordinates　of　one　station．This　wi1l　produce　a　minima1ly　constrained
1east　squares　solution　for　geodetic　positions．
2．2　GPS　S1lrveying　and　Fixed－Point　lMeasurements
　　　Space　geodetic　methods，especially　VLBI　and　SLR　observations，have　been　ab1e　to
confirm　the　rates　of　motion　of　major　tectonic　plates　by　direct　measurement　over　the　last
decade（e．g．Christodou1idisθ左α／．，1985；Herringθτα／．，1986；Argus　and　Gordon，1990；
Harrison　and　Doug1as，1990；Ward，1990），which　previous1y　were　determined　from
magnetic　anomalies，transform　faults　and　earthquake　s1ip　vectors（DeMets〃α／．，1990）．
G1oba1p1ate　motion　mode1s　provide　a　zero’th　order　approximation　of　changes　of　the
earth’s　surface，neg1ecting　first　order　terms　such　as1arge　scale　diffuse　deformation　in
continents　and　across　plate　bomdaries　such　as　Kanto－Tokai　area．Moreover，plate
motion　mode1s　are　inadequate　for　describing　deformation　during　the　earthquake　cyc1e．
Space　geodetic　methods　are　we11suited　to　supplement　global　p1ate　mode1s　with　such
critica1information，by　making　direct　measurements　of　deformation　in　a　relatively　short
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period　of　time．
　　　In　particu1ar，GPS　interferometry　has　been　shown　to　be　an　accurate　and　efficient
too1for　measuring　comp1ex　deformation　patterns　across　p1ate　boundaries（e，g、，Dixon〃
α／．，1991b；Feigl，！991；Done11an，1991）and　surveying　of　geodetic　network　using　GPS
receivers　has　been　increasing　by　near1y　an　order　of　magnitude　on　the　number　of　users　in
a　recent　severa1years．Previous1y　reported　ana1yses　of　GPS　campaigns　revea1ed　the
advancements　of　the　repeatabi1ity　from　O．1parts　per　mi11ion1eve1for70－200km　base1ines
（Bockθ左α／．，1986），to　O．0！ppm1eve1for1ines　up　to2000km　baseline（Beutlerθ左α／．，1987），
for350－650km1ines（Tra11i　and　Dixon，1988），and　for30－200km　lines（Dong　and　Bock，
1989），mainIy　in　North　America．Recent　crusta1deformation　surveys　with　GPS　in
Ca1ifomia　have　yie1ded　horizonta1relative　positioning　accuracy’s　of3－4mm＋O．01ppm
of　the　distance　between　stations　and10－20mm　vertical　precision　for　networks　ofregiona1
extent　for　observation　spans　of　severa1days（e．g．，Prescottθ8α／．，1989；Davisθオα1。，1989；
King　and　B1ewitt，1990；Larson　and　Agnew，1991）．
　　　So　far，due　to　operationa1and　economic　considerations，GPS　monitoring　has　been
conducted　in　a　campaign　approach　with　the　typica1project　invo1ving　concentrated　site
occupations　at　one　to　two　year　intervals（Bevis，1991）．Thus，it　takes　at1east　five　years
and　considerab1e　effort　to　re1iab1y　measure　secu1ar　deformation　rates．A1though　these
type　of　surveys　are　extreme1y　va1uab1e　in　determining　p1ate　boundary　zone　deformation，
they　are1imited　in　tempora1reso1ution．On　the　other　hand，fixed－point　GPS　networks　in
continuous　or　regu1ar　operation　can　provide　much　more　frequent　and　detai1ed　measure－
ments　of　deformation　as　we11as　secu1ar　rates　in　a　fraction　of　the　time　required　by　intense
amua1campaigns．Continuous　records　of　deformation　are　particu1ar1y　valuab1e　associat－
ed　with　seismic　and　volcanic　activity　during　these　events　are　occurring．In　addition，
contimous　monitoring　networks　can　provide　accurate　and　convenient　reference　frames
for　regiona1and1oca1GPS　deformation　surveys．
　　　The　concept　of　continuous　monitoring　with　GPS　has　been　described　by　Bock　and
Shimada（1990）as　fo11ows＝A　fixed　network　of　receivers　continuous1y　tracks　the　GPS
conste11ation（whenever　visib1e）for　an　indefinite　period　of　time，searching　for　deforma－
tion　at　tempora1sca1es　ranging　from　as　short　as　severa1minutes　to　as　long　as　severa1
years．A　centra1faci1ity　monitors　the　performance　of　the　network　remote1y，automati－
ca11y　and　periodica11y　and　co11ects　data　from　a11the　sites　via　a　high－speed　communica－
tions1ink．The　data　are　continuous1y　ana1yzed　at　the　centra1faci1ity　to　obtain　accurate
“snapshots”of　the　re1ative　positions　of　the　network　stations．Significant　variations　in
these　positions　indicate　deformation　within　the　network，The　data　are　archived　for
subsequent　more　refined　ana1ysis　and　disseminated　to　interested　users．
2．3　0hservation　System　of　the　Kanto－Tokai　Fixed－Point　GPS　Network
　　　A　ten－station　dedicated　GPS　fixed－point　network　was　estab1ished　by　the　Nationa1
Research　Institute　for　Earth　Science　and　Disaster　Prevention（NIED）in　Apri1．1988in　the
Kanto－Tokai　district　of　centra1Japan（Shimadaθ～／．，1988b；Shimadaθ左α1．，1989a）．The
1ocation　of　the　network　sites　are　shown　in　Fig．1．The　network　spans　both　sides　of　the
Fossa　Magna，the　Izu　Peninsu1a，Suruga　and　Sagami　Bays，and　the1arge　metropo1is　of
Tokyo，distributing　three　different　plate　segments；four　sites　in　NE　Japan（YST，ENZ，
FCH，ICH），three　in　SW　Japan（SMY，HKW，HMO），and　three　on　the　PHS　p1ate（HTS，
一37一
Report　of　the　National　Research　Institute　for　Earth　Science　and　Disaster　Prevention，No，50・December1992
KWN，SMD）．The　northem　tip　of　PHS　p1ate　around　the　Izu　Peninsu1a　is　considerably
deformed　because　of　the　co11ision　of　this　p1ate　against　EUR　p1ate．Re1ative　movements
between　sites　HTS，KWN，SMD　and　the　other　sites　in　EUR　p1ate　wi11indicate　inter－and
intra－plate　deformation　of　the　Izu　Peninsula，lying　between　the　Suruga　and　Sagami
troughs．The　HMO　and　HKW　sites　are　suitab1e　for　m㎝itoring　the　strain　accumu1ation
in　the　hypothesized　foca1area　of　the　magnitude8earthquake　forecast　in　the　Suruga
trough　region　by　Ishibashi（1981），with　reference　to　SMY　and　ENZ　sites．Another　future
earthquake　has　been　forecast　by　Ishibashi（1985）in　the　westem　Sagami　Bay　region．The
HTS　and　KWN　sites　have　been　chosen　to　monitor　this　particu1ar　event，The　major
objective　of　this　ten－station　network　is　to　monitor　crusta1movement　within　the　network，
particularly　re1ated　with　the　cyc1es　of　Iarge　inter－and　intra－p1ate　earthquakes．
　　　　Fig．2shows　the　hardware　composition　of　the　NIED　fixed－point　GPS　network．At
each　tracking　site，a　Mini－Mac2816AT　GPS　receiver　automatica11y　tracks　GPS　sate1－
1ites　every　day．The　Mini－Mac2816AT　is　a　dua1－frequency　C／A　code　Ll　and　code1ess　L2
receiver　which　tracks　up　to　eight　satenites　simu1taneous1y．It　has　the　capabiIity　of
storing　more　than　one　month　of　data　continuous1y　tracked　with　a30－second　samp1ing
rate，as　we11as　surface　meteoro1ogica1data（barometer，thermometer，and　humidity
measuring　instrument）co11ected　for　the　correction　of　the　tropospheric　de1ay，To　secure
the　stabi1ity　of　the　GPS　antema　and　the　tight　coup1ing　with　basements，most　of　the　GPS
antemas　in　the　network　are　anchored　to　some　stab1e　constructions．At　the　stations　YST，
FCH，ICH，ENZ，and　HMO，GPS　antemas　are　sett1ed　at　the　top　of　the　boreho1e　for　the
micro－seismic　observation（Fig．31eft）．The　boreho1es　have　the　depths　of　equa1or　more
than　l00meter　with　iron　casing　pipes　and　the　fu11－ho1e　cementing，and　free　from　the
surface　soi1deformationbyfreezing　orprecipitation．At　HTS，SMD，and　HKWstations，
antemas　are　set　at　the　top　of　the　ferroconcrete　monuments（Fig．3right），which　has
enough　depth　not　to　be　affected　by　the　soil　freezing．At　KWN　and　SMY　stations，
antennas　are　mounted　on　the　roof　of　the　observation　hut，because　of　the　restriction　of　the
1anding　space　and　sky　visibi1ity．Annua1deformation　of　the　hut　caused　by　temperature
variations　is　estimated　to　be　smaller　than10mm．Usua1ly，tracking　data　are　co11ected
automatica11y　every　day　at　the　NIED　in　Tsukuba，using　dia1－up　communication　over
pub1ic　te1ephone1ines．The　data　are　archived　on　the1arge　storage　optica1disks　for
subsequent　more　refined　ana1ysis．
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Fig．2．Hardware　compositi（〕n　of　the　NIED　fixed－point　GPS　network．
一38一
Cmstal　deformation　by　fixed－point　GPS　interferometry－S．Shimada
GPS　ANTENNA
CA8LE
1RON　PlPE
GPS　ANTENNA
E
oo
lRON　P　PE
CA8LE E
oo
伽m斗
E
0ω
SURF＾CE
40Cm
BOREHOLE
SURFACE
E
oo
仁
E8」」
60Cm
」100㎝＿一
FERROCONCRETE
Fig．3．GPS　antenna　settle　at　the　top　of　boreho1e（1eft）and　set　at　the　top　of　observation　pier
　　　　　　（right）in　the　NIED　network．
3．　Determimtion　of　Geo㏄ntric　Coordimtes　of　the　Kanto－Tokai　Network
3．1　Terrestria1Refereme　Frame
∫〃左κ061〃0ガ0〃
　　　　The　basic　requirements　for　obtaining　high　precision　GPS　baseIine　estimates　for
monitoring　regionaI－sca1e　crustal　deformation　have　been　the　subject　of　a　growing　number
of　investigations（e．g．，Beut1erθ≠α／．，1987；Lichten　and　Border，1987；Tra11i　and　Dixon，
1988；Blewitt，1989；Dong　and　Bock，1989；Davisθ8α／．，1989；Kornreich　Wo1fθ～／．，1990；
Larson4α／．，1991）．These　inc1ude　suitab1e　sate11ite　geometry，access　to　an　accurate　and
we11－defined　terrestria1reference　frame，high1y　accurate　sate11ite　ephemerides，and
mode1ing　of　ionospheric　and　tropospheric　de1ays　of　the　sate11ite　radio　signa1s．In
mostregiona1GPS　projects　to　date，the　coordinates　of　at1east　three　stations（ca11ed
fiducia1stations），spaced　at1east2000－3000km　apart，are　he1d　fixed　or　tightIy　con－
strained　to　provide　a　terrestria1reference　frame　with　respect　to　which　the　coordinates
of　the　other　sites　are　estimated．Typica1ly，one　fiducia1site　is　Iocated　within　or　near　the
regional　network．The　fiducia1coordinates　are　derived　by　appropriate　transformations
from　a1ong　time　series　of　VLBI　or　SLR　observations，taking　into　account　g1oba1p1ate
tectonic　mode1s　and　estimated　site　ve1ocities（e．g．，Murrayθ左α／．，1990；Murray，1991）．The
fiducia1coordinates　also　provide　a　reference　frame　for　improving　the（imprecise）sate1lite
ephemerides　broadcast　by　the　GPS　sate11ites　in　order　to　reduce　the　effects　of　orbita1
error　on　baseline　estimates．However，in　Eastern　Asia　inc1uding　the　Kanto－Tokai
一39一
Reportofthe　National　Research　Institute　for　Earth　Science　and　Disaster　Prevention，N〇一50．December1992
district，it　is　very　difficult　to　utilize　more　than　three　VLBI　or　SLR　fiducia1points　with
good　geometry．The　ten　NIED　stations　were　new1y　est早b1ished　so　that　precise　coordi－
nates　were　not　avai1ab1e，neither　abso1ute　coordinates　with　respect　to　the　g1oba1terres－
trial　reference　frame，nor　re1ative　coordinates．
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　　　Shimadaθ～／．（1989b）examined　the　effect　of　errors　in　the　geocentric　coordinates　of
fiducia1networks　on　the　accuracy　of　GPS　measurements，by　re－eva1uating　the　initia133
days（Apri16to　May7．1988）of　tracking　data　of　the　NIED　fixed－point　network，which
Shimada4α／．（1989a）pre1iminary　ana1yzed，The　fiducia1receiver　of　the　NIED　network
was　the　Tsukuba　GPS　receiver　site．The　Tsukuba　site　is1ocated　at　the　Geographica1
Survey　Institute（GSI）in　the　Kanto　district，The　experimenta1measurement　to　determine
the　coordinates　of　the　NIED　network　sites（five　sites　from　ten　fixed　sites；ICH，YST，
FCH，SMD，and　HKW　sites）in　re1ation　to　the　Tsukuba　fiducia1site　was　carried　out　on
March28．1988．The　tracking　window　was　about　three　and　ha1f　hours1ong　with　four
Block　I　sate11ites（PRN’s6，8，9and11）both　for　the　March1988experiment　and　the　initia1
33days　of　tracking　data　of　the　NIED　network，all　clustered　in　the　NW　part　of　the　sky
with　PRN　g　bare1y　reaching　an　e1evation　of20。（Fig．4）．Fig．5shows　the　tracking　periods
at　the　ICH　station，indicating　that　there　were　only70minutes　in　which　more　than　three
sate11ites　were　tracked　during　a208－minute　session．Tracking　data　were　samp1ed　every
60second．Both　ana1yses　by　Shimadaθオα／．（1989a，b）used　the　SONAP　GPS　software
（Aero　Service　Division，1988），with　the　Saastamoinen（1972）dry　and　wet　zenith　de1ay
mode1and　the　CfA－2，2dry　and　wet　mapping　functions　deve1oped　by　Davisθ左α／．（1985）in
the　tropospheric　de1ay　ca1cu1ation．We　performed　a1east　squares　so1ution　of　the　data
using　three　and　half　hours　of　continuous1y　recorded　measurements　of　the　ionosphere－free
combination（LC）of　GPS　phase　data．We　cut　off　the　tracking　data　when　the　e1evation
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Fig．4．Skyp1ot　ofGPS　sateIlites　over　NIED
　　　　　network　for　the　tracking　sessions
　　　　　during　March　and　May1988．
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Fig．5．An　example　of　the　tracking　periods　of
　　　　　sate11ites　with　e1evation　angle　higher
　　　　　than1ぴ（thin　line）and　the　actua1obser－
　　　　　vation　period（thick　line）at　the　ICH　site．
Fig．6．Dai1y　numbers　of　tracked　stations　during
　　　　　the　first33days　of　tracking　data　of　the
　　　　　NIED　network、
ang1e　of　the　sate1lites　was1ower　than12．5。．
　　　Shimadaθ左α1．（1989a）determined　the　initial　coordinates　of　the　NIED　fixed　sites，
eva1uatingthe　data　ofthe　March1988experiment．We　usedthebroadcastephemeris　and
fixed　the　orbital　parameters　and　the　position　of　the　Tsukuba　site．In　the　ana1ysis，we　used
the　coordinates　of　the　Tsukuba　site　determined　by　precise　NNSS　measurements（for
NNSS　measurements，see，Kouba，！983）with　respect　to　WGS72terrestria1reference
frame（Komaki　and　Kaidzu，1983）．We　estimated　the　coordinates　of　the　NIED　sites，
zenith　de1ay　parameters　at　each　site，and　phase　ambiguity　parameters．We　app1ied
standard　atmospheric　va1ues　in　the　tropospheric　de1ay　calcu1ation．
　　　Shimada〃α／．（1989a）then　conducted　a　pre1iminary　analysis　of　the　initia133days
NIED　network　data．For　the　site　coordinates　we　used　the　positions　derived　from　the
March1988experiment．In　the　ana1ysiξ，we　fixed　the　coordinates　of　the　ICH　site　when
the　tracking　data　at　ICH　site　was　avai1ab1e，and　otherwise　we　fixed　the　coordinates　of
one　ofthe　YST，ENZ，or　HMO　sites一．We　estimatedthecoordinates　ofa1l　sitesexceptthe
fixed　site，a　zenith　de1ay　parameter　per　station，and　an　independent　set　of　doub1e－
difference　phase　ambiguity　parameters．Fig．6shows　the　daily　number　of　tracking　sites
during　the　initia133days　of　data　from　the　NIED　network．During　the　days　when　there
were　more　than　four　sites　data　avai1ab1e　we　a1so　estimated　corrections　to　the　initia1
conditions　of　each　sate11ite（orbit　re1axed）．The　sate1lite　parameters　were　six　state　vector
e1ements（position　and　ve1ocity）at　the　midpoint　of　the　observation　span　for　each　sate1lite．
We　used　the　ephemeris　determined　by　the　Aero　Service　Division　using　three　North
American　tracking　sites（Westford　in　Massachusetts，Richmond　in　F1orida，and　Mojave
in　Ca1ifornia）．We　c㎝strained　thea1ong　track　component　of　the　sate1lites　orbita1e1e－
ments　to　l　ppm　and　the　other　components　to0．1ppm，according　to　the　expected　accuracy
of　the　ephemeris（Ladd，personal　communication）．For　the　site　coordinates　we　con－
strained　the　coordinates　of　two　sites（usual1y　the　ENZ　and　HMO　sites）within0．1m
according　to　the　uncertainties　of　the　solution　of　the　March1988experiment，and　the
coordinates　of　the　other　sites　within　l　m，which　is　essentia11y　no　constraint．We　app1ied
surface　meteoro1ogica1data（temperature，barometric　pressure　and　re1ative　humidity）at
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each　site　in　the　tropospheric　de1ay　ca1cu1ation．We　obtained　the　so1utions　in31days．
Hypothesizing　no　significant　crusta1movements　comparab1e　to　or1arger　than　the
uncertainties　of　the　ana1ysis　during　the33days　in　the　network，we　examined　the
repeatabi1ity　of　the　base1ine　Iengths　of　the　solutions．
In　Fig．7the　standard　deviations　of　a11baseline　Iengths　with　respect　to　their　direction　are
graphed．This　p1ot　c1ear1y　indicates　that　the　errors　for　the　base1ines　in　the　NW．SE
direction　is　two　to　three　times1arger　than　those　in　the　perpendicu1ar　direction．Thus　we
conc1uded　that　the　unfavorab1e　sate11ite　conste11ati㎝，which　was　clustered　in　the　NW
part　of　the　sky，caused　the　errors　in　the　base1ine1ength　estimation　for　the　NW－SE
direction　to　be　worse　than　the　length　estimation　for　the　NE－SW　directi㎝．
　　　　Shimada冴α1。（1988b）a1so　examined　the　repeatabi1ity　of　these　same　so1utions，
ca1cu1ating　the　variance　covariance　matrices　from　the　so1utions　of　the31－day　base1ine
vectors　by　applying　the　methoddeve1opedby　Watada（1989）．The1eft　side　ofFig．8shows
the　repeatability　of　the3！days　of　base1ine　vector1ength　estimation　by　Shimadaθ≠α／．
（1989a）．Fig．8indicates　the　re1ations　between　base1ine1engths　and（a）the　averages　of
three　principal　axes　of　the　one　sigma　error　el1ipsoids，and（b）the　vector　component　of　the
minor　axis　of　the　one　sigma　error　e1lipsoids　in　the　direction1east　affected　by　the
unfavorab1e　sate11ite　conste11ation．In　Fig，8the　sizes　of　the　circ1es　are　proportiona1to
mmber　of　data　measurements　of　each　baseline．The　constant　and　base1ine　lenght
dependent　part　of　the　repeatabi1ities　are75mm＋1．1ppm　for　the　case　of　Fig．8（a）and
40mm＋O．3ppm　for　Fig．8（b）．
　　　To　eva1uate　the　effect　of　the　errors　of　the　reference　frame　on　the　accuracy　of　the
GPS　measurements，Shimadaθチα1．（1989b）re－ca1culated　the　initia1coordinates　of　the
NIED　fixed　sites，eva1uati㎎again　the　data　of　the　March1988experiment．We　used　the
ephemeris　calcu1ated　by　Aero　Service　Division　and　fixed　the　orbita1parameters　and　the
position　of　the　Tsukuba　site．In　the　ana1ysis，we　used　the　coordinates　of　the　Tsukuba　site
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Fig．7．Standard　deviations　of　base1ine1ength
　　　　　in　relation　with　their　directions．
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Fig．8．RepeatabiHtiesversusbase1inelengthsfortheinitiaI33daysofNIEDnetworkbaselines．Leftand
　　　　　right　figures　are　those　derived　from　NNSS　and　VLBI　reference　franlesrespective1y．
　　　　　（a）Repeatabilities　defined　by　the　averages　of　three　principa1axes　of　the　error　ellipsoid　of　each
　　　　　baseline．
　　　　　（b）Repeatabi1ities（one－sign／a　error　e1lipsoids）of　the　vector　component　in　the　direction　least
　　　　　affected　by　the　unfavorable　satelIite　constellation。
determined　by　mobile　VLBI　measurements　in　which　the　Tsukuba　site　was　comected
with　the　Kashima　VLBI　site（Saito　and　Matsuzaka，1986）with　respect　to　WGS84
terrestria1reference　frame．The　coordinates　referred　to　the　precise　NNSS　reference
frame　deviate　approximate1y25m　from　those　referred　to　the　VLBI　reference，probab1y
because　of　the　systematic　error　of　the　precise　NNSS　reference　frame．We　estimated　the
same　parameters　as　Shimadaθ～／．（1989a），with　the　same　conditions　in　the　tropospheric
de1ay　ca1cu1ation．In　this　re－eva1uation　we　found　the　error　of　the　coordinates　was
approximately25meters　for　NIED　network　sites（Tab1e1）。
　　　　Shimadaθ左α／．（1989b）then　re－ca1cu1ated　the　initia133days　of　the　NIED　network
data，using　the　revised　initia1coordinates．In　the　analysis，we　used　the　same　method　as
Shimadaθ～／．（1989a），with　the　on1y　difference　being　that　we　app1ied　a　nomina150％α
卯ゴoガhumidity　in　the　tropospheric　delay　ca1cu1ation，since　we　fomd　that　surface
humidity　does　not　accurate1y　represent　tempora1and　spatial　distributions　of　water　vapor
in　the　atmosphere，thus　there　may　be　a　consistent　bias　between　the　estimated　vertica1
components　of　the　two　measurements．The　right　side　of　Fig．8shows　the　repeatabi1ities
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Tab1e1．Differences　between　the　VLBI　referred　and　NNSS
　　　　　　referred　coordinates　at　NIED　network　sites（lTl〕．
site　　　N－S（N；十）
YST
ICH
FCH
ENZ
HTS
SMDHKWHMO
E－W（W；十）　　U－D（U；十）
5．75　　　　　　　　　－15，70
6．05　　　　　　　　　　－15，98
5．82　　　　　　　　－16，18
5．78　　　　　　　　＿16，26
6．02　　　　　　　　　＿16，46
6．！0　　　　　　　　－16，62
6．08　　　　　　　　－16，62
6．13　　　　　　　　　＿16．81
18．14
18．22
17．39
17．16
17．48
17．28
16．87
17．08
of　the　revised31days　of　base1ine　vectors．Both（a）the　averages　of　the　three　principa1
axes　of　the　one　sigma　error　e11ipsoids　and（b）the　vector　component　of　the　one　sigma
error　ellipsoids　in　the　direction1east　affected　by　the　unfavorab1e　sate11ite　conste11ation
indicate　a　significant　improvement　of　the　repeatabi1ity，（a）from75mm＋1．1ppm　to45
mm＋0．9ppm　and（b）from40mm＋0．3ppm　to5mm＋O．4ppm，principa11y　because
of　the　improvement　of　the　accuracy　of　the　initial　coordinates　with　respect　to　the
terrestria1reference　frame，Thus　we　have　demonstrated　the　importance　of　accuracy　of
the　initia1coordinates　of　the　network　sites　with　respect　to　the　terrestriaI　reference　frame
in　the　GPS　measurements．
3．2　Proccdure　to　Determim　Geo㏄ntric　Coordimtes　of　the　Network
　　　　During　the　first17months　of　operation　of　the　NIED　fixed－point　network　not　on1y
were　there　no　precise　GPS　ephemerides　avai1able，but　any　GPS　network　was　not　as
g1oba1ly　distributed　with　sites　operati㎎on1y　in　North　America　and　Western　Europe．
Therefore，common　visibi1ity　which　is　a　requirement　for　global　orbit　improvement
techniques（e．g，Dong　and　Bock，1989）between　the　NIED　and　other　networks　was　rather
sparse．Therefore，Shimada　and　Bock（1992）decided　to　app1y　a　strictly　regiona1approach
to　the　analysis　of　the　NIED　data　as　fo11ows　which　they　refer　to　as　station　and　orbit
re1axation．The　key　to　this　approach　is　the　definition　of　a　regional　reference　frame　with
respect　to　which　sma11deformations　are　determined．The　reference　frame　is1oose1y
define　by　app1ying　constraints　to　whatever　initia1satel1ite　ephemerides　are　avai1able
（orbit　re1axation）and　to　the　mean　va1ues　of　the　station　positions　over　the　period　of
observation　（station　relaxation）．Beutler　θチ　α1．（1987）app1ied　an　orbit　re1axation
approach　to　a　two　week　span　of　data　co11ected　in　A1aska　inユ984for　a　network　with
base1ines　ranging　from300to2700km．Lindqwisterθ～／．（1990）proposed　a　regiona1orbit
re1axation　approach　that　uses　sing1e－day　network　so1utions　combined　with　a　continenta1
sca1e　fiducial　network　in　order　to　e1iminate　the　need　for　expensive　mu1ti－day　so1utions．
Both　studies　app1ied　constraints　to　externa11y　avai1able　sate11ite　ephemerides　but　not　to
the　station　positions．For　dedicated，fixed－point　networks　measuring　sma11cmsta1
deformation，it　is　beneficia1to　use　station　re1axation　with　constraints　determined　from
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the　many　repeated　observations．In　our　study，this　approach　is　crucia1because　of　the　lack
of　fiducia1data　and　the　poor　conste11ation　geometry　over　Japan　for　most　of　the　period．
　　　As　a　first　step，we　estimate　the（previous1y　unknown）positions　of　the　NIED　stations
with　respect　to　the　terrestrial　reference　frame　using　wor1d－wide　GPS　tracking　data
co11ected　during　the　G1oba1Orbit　Tracking　Experiment（GOTEX－1）carried　out　in
November1988（CSTG，1988）．We　then　computed　improved　re1ative　positions　of　the
network　sites　from30independent　measurements　over　the　first　seventeen　months　of
operations　by　relaxing　the　available　sate11ite　ephemerides　and　the　station　positions
obtained　from　the　GOTEX－1analysis．A　network　adjustment　of　these　data　provide　the
best　avai1ab1e　mean　va1ues　for　the　re1ative　site　positions　which　are　more　precise　than
those　estimated　from　the　sing1e　week　of　GOTEX　data．A1though　at1east　a　subset　of　the
network　sites　are　expected　to　deform　duringthis　period，we　assume　that　any　deformation
is　sma11（except　for　coseismic　and　vo1canic　events　which　are　treated　different1y　as
described1ater）、In　the　last　step，we　re1ax　the　mean　coordinate　values　and　the　avai1ab1e
sate11ite　ephemerides　and　re－estimate　the　site　coordinates．We　estimate　crusta1deforma－
tion　from　the　fina1time　series　of　the30independent　sets　of　station　positions．The　steps
are　exp1ained　in　Fig．9．Our　approach　is　independent　of　VLBI／SLR　measurements　and
does　not　require　the　use　of　g1oba1GPS　tracking　data　out　of　the　immediate　survey　area
（except　for　initia11y　determining　the　regiona1site　coordinates　with　respect　to　the　g1oba1
terrestria1reference　frame），thereby　significant1y　reducing　the　cost　required　to　obtain　the
regiona1deformation　pattern．This　approach　is　a　powerfu1too1for　the　continuous
monitoring　of　crusta1movements　across　p1ate　bomdary　zones　and　wi11be　further
enhanced　once　precise　g1oba1GPS　ephemerides　become　avai1ab1e．
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Fig．9．Procedure　of　the　ana1ysis　to　determine　geocentric　coordinates　for　the　NIED　network．
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3．3　Am1ysis　of　the　Data　Tmcked　by　the　G・OTEX－1Globa1and　Loca1Network
Dα左α
　　　　The　GOTEX－1campaign　conducted　from　October30to　November19．1988was　a
wor1d－wide　effort　organized　by　the　U．S，Nationa1Geodetic　Survey　to　demonstrate　the
concept　of　g1oba1tracking　for　the　determination　of　precise　GPS　sate1lite　ephemerides，
The　experiment　was　designed　to　occupy　as　many　as　possib1e　g1oba1VLBI　and　SLR　sites．
A11of　the　sites　dep1oyed　TI4100four　channe1，dual－frequency　P－code　receivers，except
for　the　Canberra　site　which　dep1oyed　a　Rogue　SNR－8eight　channe1，dual－frequency
P－code　receiver．Fig．10shows　the1ocation　of　the20GOTEX－1g1obal　tracking　sites　used
in　our　analysis　and　the　NIED　network．At　the　time　of　the　GOTEX－1experiment　there
were　seven　GPS　sate11ites　available（PRN’s3，6，8，9，11，12，and13）．
　　　The　key　to　high　precision　geodetic　estimates　from　GPS　is　simultaneity　of　measure－
ments　at　the　observing　sites．If　the　receiver　c1ocks　are　not　synchronized　then　drifting　of
the　sate11ite　oscil1ators　during　the　period　of　time　tag　mismatch　wi1l　introduce　errors　into
the　geodetic　parameter　estimates．That　is，sate11ite　osci1lator　instabilities　wi11not　be　full
canceled　in　between－receiver　differencing　of　the　phase　observations．Although　the　GPS
broadcast　ephemerides　inc1udes　information　on　the　drifting　of　the　sate11ite　osci11ators，the
1onger　the　time　tag　mismatch　the　more1ike1y　unmode1ed　effects　wi11contaminate　the
geodetic　estimates．This　is　particu1ar1y　true　for　periods　when　selective　availabi1ity（SA）
has　been　imp1emented　by　the　U．S．govemment（e．g．，Rocken　and　Merteens，1991；Feig1θオ
α／．，1991，Rosenb1attθ≠α1．，1992）．Fortunate1y，se1ective　avai1abi1ity　was　not　in　effect
during　the　GOTEX－1campaign　nor　during　the　entire　seventeen　month　period　of　this
study．The　TI4100receivers　tracked　at　a30second　sampling　rate　nomina1ly　in　synchro－
nization　with　the　GPS　minute．Actua11y，because　of　different　TI4100intema1operating
software，most　units（the　European，African，and　Midd1e　Eastern　sites）samp1ed　at　O．92s
before　the　GPS　time　ha1f　and　fu11minute，whi1e　the　remainder　samp1ed　at　O．08s　after，so
GOrEX－1〃αc肋”g∫加∫
STJ0
　～
N》
BLBH
Fig．10．Location　of　the　GOTEX－1global　tracking　sites　with　the　NIED　network．Each　site　is
　　　　　denoted　by　a　four－character　code．
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that　a11TI4100observations　were　within　l　second　of　simu1taneity．The　Mini－Mac2816
AT　receivers　operating　at　the　NIED　sites　samp1ed　precise1y　at　the　GPS　ha1f　and　fu11
minute　so　that　they　were　in　synchronized　with　a11the　TI4100receivers　to　at　Ieast　O．92
s．In　our　experience，a　l　second　mismatch　between　receivers　during　periods　of　no　SA　is
acceptable，especial1y　if　the　broadcast　sate1lite　osci11ator　parameters　are　used　to　mode1
osci11ator　drift　during　the　inter▽al　of　time　tag　mismatch．The　Rogue　SNR－8receiver
operating　an　Canberra（CANB）samp1ed　according　to　the　UTC　minute　so　that　its　time
tags　were　out　of　synchronization　by5seconds　with　the　remainder　of　the　network．
NevertheIess，we　use　the　Canberra　data　because　it　is　a　we1l　known　fiducia1station　and
it　comp1etes　the　triangIe　with　the　Ade1aide（ADEL）and　B1ack　Birch（BLBH）sites（Fig．
10）and　thereby　improves　the　sate11ite　orbits　over　the　Pacific　region，On　the　other　hand，
we　exc1ude　the　data　from　the　Tsukuba　site　whose　receiver　was　a1so　operating　according
to　the　UTC　minute　since　there　was　no　benefit　in　using　those　data　to　counterba1ance　the
negative　effects　of　time－tag　mismatch．We　ana1yze　one　week　of　GOTEX－1data（Nov．
12－18　GPS　week462）simu1taneously　with7NIED　sites　at　which　re1iab1e　data　were
avai1ab1e（ENZ，FCH，HKW，HMO，HTS，ICH，and　SMD）．Tab1e2shows　the　sites　used
on　each　day．We　decimate　the　data　to　a60second　observation　rate　and　perform　a
Tab1e2．List　of　GOTEX－1and　NIED　data　analyzed（by　day　of　year1988）一
sitc　nanle　　　　　　sitc　code　　　318　　319　　320　　321　　322　　　323　　324
glob〃〃舳o枇
Ade1aidc　　　　ADEL
Bahraill　　　　　BAHR
Blackbirch　　　　BLBH
Bucnos　Aircs　　BUEN
Canbcr［a　　　　　CANB
Dionysos　　　　　DION
Haれcbeesthock　HART
Hemitage　　冊RM
Iqa1uit　　　　　　IQAL
Kokec　Park　　　KOKE
Madrid　　　　MADR
Mojave　　　　MOJV
Onsa1a　　　　　　ONSA
Quito　　　　　　　QUIT
Richmond　　　　　RICH
St．John　　　　　　STJO
Tmmso　　　　TROM
Wcstford　　　WSFF
Wettzc11　　　WETT
Ycllowknife　　　YKNF
X　　X　　X　　X　　X
X　　　　　　X　　　　　　X
X　　X　　X　　X　　X
　　　　　　　　X　　　　　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
　　　　　　　　X　　　　　　X
　　　　　　　　　　　　　　　　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
　　　　X　　X　　X　　X
X　　X　　X　　X　　X
　　　　　　　　X　　X　　X
X　　　　　X　　X　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
X　　X　　X　　X　　X
　　X
X　　X
　　X
　　X
X　　X
　　X
　　X
　　X
X　　X
　　　　X
　　X
　　X
　　X
　　X
　　X
J0〃〃舳〃舳0〃
Enzan
Fuchu
Hamaoka
Hatsushima
Honkawanc
Ichihara
Shin〕oda
ENZ
FCH
HMOHTS
HKWICH
SMD
　　　　X　　　　　X　　X　　　X　　X
　　　　X　　X　　　　　X　　　X　　X
X　　X　　X　　X　　X　　　　　X
　　　　X　　　　　　　　X　　X　　X
X　　X　　X　　X　　X　　X　　X
X　　X　　X　　X　　X　　X　　X
X　　X　　X　　　　　X　　　　　X
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separate　weighted1east　squares　so1ution　for　each24－hour　of　data（0－24h　UTC），using
phase　measurements　corrected　for　ionospheric　refraction　effects（i．e．，ionosphere－free
phase　measurements）．Thus　we　obtain　seven　independent　so1utions　from　which　the
geocentric　coordinates　of　the　NIED　stations　are　estimated．
α0ろα1ル加0肋ルψ∫ゐ
　　　For　the　site　coordinates，we　adopt　the　SV5terrestria1reference　frame（Murrayθオ
α／．，1990；Murray，1991）which　is　derivedby　appropriatetransformations　from　a1ongtime
series　of　VLBI　and　SLR　observations，taking　into　account　g1oba1p1ate　tectonic　mode1s
and　VLBI　estimated　site　ve1ocities．In　the　ana1ysis　of　the　g1oba1network，we　fix　the　SV5
coordinates（at　the　November1988epoch）ofthe　Westfordfiducia1site（WSFF）in　North
America．Furthermore，we　constrain　the　coordinates　of　seven　fiducia1sitesl　Richmond
（RICH）and　Mojave（MOJV）in　North　America；Wettze11（WETT），Onsa1a（ONSA）and
Tromso（TROM）in　Western　Europe；Kokee　Park（KOKE）in　Hawaii，and　Canberra
（CANB）in　Austra1ia（Fig．10）．We　constrain　equa11y　the　three　coordinate　components　of
thefiducia1stationsaccordingtotheuncertaintiesintheSV5coordinates：to0．01mfor
Richmond，Mojave，and　Wettze1l；O，02m　for　Onsa1a，Tromso，and　Canberra；and　O．05m
for　Kokee　Park．The　coordinates　of　al1the　other　g1oba1and　NIED　sites　are　constrained
to5m，i．e．，essentia11y　they　are　unconstrained．
　　　WeusedtheGAMITGPSsoftwaredeve1opedatMassachusettsInstituteofTechno1－
ogy　and　Scripps　Institution　of　Oceanography（King　and　Bock，1991）to　ana1yze　the
GOTEX－1global　and　NIED　data．The　weighted1east　squares　a1gorithms　used　in　this
ana1ysis　are　described　by　Bockθチα／．（！986），Schaffrin　and　Bock（1988）and　Dong　and
Bock（1989）．
　　　For　each　independent24hour　solution，we　estimate　improvements　to　the　coordinates
for　al1the　sites（except　Westford），zenith　de1ay　parameter　at　each　site，satel1ite　orbita1
e1ements，andphase－ambiguity　parameters．We　applystandardatmosphericva1ues　inthe
tropospheric　va1ues　in　the　tropospheric　delay　calcu1ation　using　the　Saastamoinen（1972）
dry　and　wet　zenith　de1ay　mode1and　CfA－2．2dry　and　wet　mapping　functions　deve1oped　by
Davisθ云α／．（1985）．
　　　We　use　the　NSWC　precise　ephemeris　as　initia1orbital　va1ues　and　a　direct　radiation
pressure　parameter　of　unity．We　interpo1ate　six　orbita1e1ements　for　each　sate11ite　atthe
midpoint　of　the　observation　span（12h　UTC　in　this　case）from　the　NSWC　ephemerides
and　numerically　integrate　the　equations　of　motion　of　the　seven　GPS　sate11ites　over　a24
hour　period．These　orbits　are　then　used　to　compute　the1inearized　observation　equations
（observed　minus　computed　phases　and　partial　derivatives）and　variationa1equations　for
the　dai1y1east－squares　so1ution．We　adjust　the　six　midpoint　positions　and　ve1ocities　and
a　solar　radiation　pressure　parameter　and　re－integrate　the　equations　of　motion　to　obtain
an　improved　ephemeris　for　each　sate11ite．
　　　Fig．11shows　an　examp1e　of　the　improved　coordinates，the　HKW　site　position，as
two－sigma　ellipses　in　the　horizonta1and　EW－UD　p1anes．The　degree　of　fit　of　the7
independent　so1utions　is　assessed　by　performing　a　network　adjustment（e．g．Bock〃α／．，
1985）of　the　estimated　base1ine　vectors　and　their　fuI1covariance　matrices．The　output　is
the　goodness　of　fit，the　adjusted　station　coordinates　and　their　covariances，and　the
misc1osures（residuals）of　the　individua1vector　determinations　with　respect　to　the　ad一
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Fig．11．Two－sigma　error　e11ipses　of　the　HKW　site　coordinates　in　the　horizonta1and　vertical
　　　　　planes　obtained　by　the　GOTEX－1global　anaIysis．十indicates　the　initial　coordinates，
　　　　　　and＊the　weighted　mean　coordinates．
justed　coordinates（an　indicator　of　base1ine　repeatabi1ity）．We　determine　the　weighted
mean　of　the　coordinates　with　respect　to　the　SV591oba1terrestria1reference　frame，i．e．，
the“absolute”geocentric　coordinate　precision．The　network　adjustment　of　a11the20
GOTEX－1and　the7NIED　stations　yie1ds　a　standard　error　of　unit　weight　of　about5，
indicating　that　overa11the　one－sigma　parameter　estimates　of　the　individua1GAMIT
so1utions　are　too　sma11by　this　amount．The　number　of　degrees　of　freedom　ofthe　network
adjustment　is357（435observations　and78unknowns）．An　examination　of　the　misc1osures
（residuals）of　the　network　adjustment　and　the　standard　errors　for　the　sate1lite　orbita1
errors　from　the　individua1GAMIT　so1utions　indicates　that　the　overa11（one－sigma）
base1ine　error　due　to　orbita1uncertainty　is　about　O，02ppm．Fig．12shows　the　one－sigma
errors　for　the　weighted　means　of　the　station　coordinates．It　is　c1ear　that　the　more
iso1ated，unconstrained　sites（in　South　America　and　South　Africa）have　larger　errors
SD　OF　POSlT1ONS　OF　NON－CONSTRAlNT　S1TES
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Fig．12　Standard　deviations　of　geocentric
　　coordinates　obtained　by　network
　　adjustment　of　seven　independent24－
　　hour　GAMIT　so1utions　of　the
　　GOTEX－1and　NIED　data．
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than　those　in　the　denser　part　of　the　network（North　America　and　Westem　Europe）．The
NIED　sites　have　one－sigma　geocentric　position　errors　of　about　O．2m　in　a11three　compo－
nents，re1ative　to　the　SV5g1oba1terrestria1reference　frame．For　the　HKW　site　more
than　one　meter　significant　northward　deviation　is　found　from　the　initial　coordinates（Fig．
11）．This　precision　is　sufficient　to　reduce　any　relative　base1ine　errors　within　the　NIED
network　due　to　uncertainty　in　reference　frame　origin　to1ess　than　O．01ppm（Beut1erθ≠α／．，
1989），or1ess　than　l　mm　on　the　typica1100km　spacing　between　stations．
工06α／ル肋0肋ルψ∫ゴ∫
　　　Using　on1y　the　GOTEX－1tracking　data　of　the1oca1network　sites　iteratively，we
redetermine　the　re1ative　positions　of　the　NIED　network　sites，fixing　the　improved　orbit
ephemeris　and　the　coordinates　of　one　site（the　ICH　site，in　our　case）in　the　network．For
each　independent24hour　solution，we　estimate　improvements　to　the　coordinates　for　six
NIED　sites，zenith　de1ay　parameter　at　each　site，and　phase－ambiguity　parameters．We
a1so　apply　the　same　conditions　in　the　tropospheric　delay　calcu1ation　as　the　g1oba1
network　analysis．A　network　ana1ysis　of　on1y　the　NIED　sites　estimated　from　the　seven
individua1so1utionsindicatesthatthere1ativepositionsoftheNIEDstationsareanorder
of　magnitude　more　precise　than　their　abso1ute　positions（Fig．13）．We　choose　site　ICH　as
the　origin　point　because　of　the　high　reliability　of　data　co11ected　there．The　standard　error
of　unit　weight　of　the　adjustm6nt　is1．1indicating　that　the　one－sigma　standard　errors　of
the　NIED　base1ines　from　the　individua1GAMIT　adjustments　are　rea1istic．The　number
of　degrees　of　freedom　is78（98observations　and18parameters）．The　one－sigma　standard
deviations　of　the　weighted　mean　of　the　NIED　coordinates　are　about0．02m　in　each
component．Therefore，the　g1oba1ana1ysis　of　GOTEX－1and　NIED　data　provides　us　with
a　precise　set　of　geocentric　coordinates　which　we　then　use　for　the　regiona1ana1ysis　of　the
first17months　of　NIED　data．
SD　OF　RE〕、TlVE　POSlTlONSOF　NlED　S1TES
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Fig．13．Standard　deviations　of　re1ative　geocentric　coordinates（in　mm）obtained　by　network
　　　　　adjustment　of　seven　independent24－hour　GAMIT　solutions　of　the　NIED　data，holding
　　　　　the　ICH　site　fixed．
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4．　Cmsta11Movements　Detected　by　the　Initial　Seventeen　Months　of　Data　Observed
　　　　by　thc　Kanto－Tokai　Fixed－Point　GPS　Network
　　　　In　this　chapter，we　describe　crustal　deformation　in　the　Kanto－Tokai　district　based　on
seventeen　months　of　fixed－point　GPS　measurements，from　Apri1！988to　August1989，
studiedby　Shimada　and　Bock（！992）．No　major　earthquake　greater　than　Richter　scale
m・g・it・d・6・・・・…di・・nd・…ndth…t・…k・…d・・i㎎thi…v・・t…m・1ユthp・・i・）d
so　that　we　are　able　to　obtain　good　estinユates　of　secu1ar　defornlation　rates。、Ve　report30
biweek1y　determinations　of　the　re1ative　positions　of　the　fixed－point　sites　ushlg　a　regional
monitoring　apProach．
4．1　Description　of　Regioml　Network　Adjustme11t
　　　　We　used　the　GAMIT　GPS　software　to　analvze　the　NIED　data．The　weighted　least
squares　a1gorithms　used　in　this　software　are　applied　to　crustal　deformation　studies　by
Feig1〃α1．（1990），Murray（1991），Feigl（1991）and　Donellan（1991）、
　　　　Using　the　notation　of　Dong　and　Bock（ユ989）and　Ieaving　on1y　the　ternユs　re1evant　to
the　description　of　the　regional　network　approach，a　phase　measurement　is　geometrical1y
related　to　the　station　and　satenite　positions　by
φヴ（弓）＝一グτ；了（弓） （20）
whereちis　the　time　of　reception　of　the　signal　of　frequency∫at　stationプfrom　sate11ite
乞，and
　　　　榊・l1、（弓一巧（弓））一1、（㌃）1た　　　　　　　　　　　（21）
is　the　geometric　time　de1ay　which　is　the　fmcti（〕n　of∫｛and∫j，the　three－dimensiona1
P・・iti・・…t・…fth…t・11it…dstati・・，…p・・ti・・ly，・・doi・the・p・・d・fIight・I・
our　regional　network　approach　we　applied　weighted　constraints　to　both∫｛and　sj．The
station　constraints　are　exp1icit　and　are　the　uncertainties　app1ied　in　the　Bayesian　sense　to
theα〃づoアプstation　positions．The　sate11ite　constraints　are　app1ied　as　fol1ows．The
eq・・ti・…　fm・ti・1・・f…hs・t・1lit・…　b・…itt・・…i・fi・・t一・・d・・diff・…ti・l
equations（where　for　convenience　we　drop　the　subscripts　and　time　variable）！three　for
position　and　three　for　velocity：
　　　　〃　　　　一（∫）・3　　　　　　　　　　　　　　　　　　　　　（22）　　　　扮
∂　　　o〃一（3）・　∫・5。
〃　　　33
（23）
、vhere　the　second　ternl　on　the　right　hand　side　of（23）represents　the　perturbing　accelera－
tions　acting　on　the　sate11ite，in　addition　to　the　spherica1part　of　the　earth’s　gravitational
fie1d　described　in　the　first　term，The　initia1conditions　for　so1ving　this　set　of　equati（〕ns　are
the　position　and　velocity　of　the　sate1lite　at　sonユe　point　aIong　the　sate1lite’s　orbit；for
nunlerica1convenience　we　cho（〕se　the　nユidpoint（）f　the　GPS　observation　span，In　practice，
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we　obtain　a　set　ofα〃ゴoガinitia1conditions　either　from　the　broadcast　or　some　avai1ab1e
precise　ephemerides　at　the　midpoint　of　the　observation　span　and　integrate　the　equations
of　motion（22）and（23），with　models　for　perturbing　acce1erations　due　to　non－spherica1
gravitation，1mi－solareffectsandso1arradiationpressure．We　app1yweighted（Bayesian）
constraints　on　the　initia1conditions　of　each　sate11ite　and　estimate　corrections　to　them
from　a　weighted1east－squares　fit　to　the　ionosphere－free　combination　of　phase．Details　of
this　procedure　are　described　further　be1ow．
4．2　Data　and　Ana1yzing　Procedure
　　　　We　ana1yze　two　consecutive　days　of　data　every15days，for　the　first　seventeen
months　of　tracking　data　of　the　NIED　network，1In　Tab1e3we1ist　according　to　year　and
day　number　the　sites　and　sate11ites　that　are　used　in　each　two　day　window．On1y4two－day
samp1es　were　unavailab1e　during　this　period　due　to　hardware　prob1ems．Tracking　data
were　samp1ed　every60seconds　up　to　day　number051in1989．Subsequent　data　were
tracked　at30seconds　to　faci1itate　data　editing　in　the　presence　of　severe　ionospheric
aCtiVity，
　　　　The　conditions　in　Japan　during　the　seventeen　month　period　of　observations　were
considerab1y　worse　than　those　avai1ab1e　to　investigators　in　the　westem　United　States
where　GPS　networks　were　first　used　for　crusta1deformation　studies．The　NIED　data　set
poses　severa1serious　chanenges　including　Poor　sate11ite　coverage，inadequate　fiducial
control　and1ack　of　precise　GPS　ephemerides．
　　　　The　sate1lite　geometry　over　Japan　was　bare1y　usab1e　during　the　initial　thirteen
months　of　observations　with　only4Block　I　sate11ites　visib1e（PRN’s6，8，9，and11），a11
clustered　inthe　NW　part　of　the　sky　with　PRN　g　bare1yreaching　ane1evation　of2ぴ（Fig．
14）．PRN13was　avai1ab1e　during　this　period　but　was　visible　on1y　with　sate11ites　in　the
same　orbital　p1ane．The　minimum　number　of　simu1taneously　observed　sate1lites　required
Sky　Plot　at　ICH
ApHl1988 A1』9ust1989
　　　　　　　　　　　　　　　　　　　　S　　　　　　　　　　　　　　　　　　　　　　　　　　　　　S
Fig．14Sky　plots　of　the　GPS　satellites　over　Japan　before（1eft）and　after（right）the　launching
　　　　　　of　the　first　two　B1ock　II　satellites（2and14）．Sate1lite　are　denoted　by　their　PRN
　　　　　mmbers．Satellites　rising　is　indicated　by　the　bold　end　of　the　sky　track．The　cardinal
　　　　　　directions　are　shown　around　the　circumference　of　the　circ1e．The　zenith　direction　is　at
　　　　　the　center　of　the　circles（i．e．，9ぴelevation）．
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for　obtaining　re1iab1e　base1ine　estimates　from　GPS　observations　is　four．At　the　SMY　and
KWN　sitesthe　obstructions　overthe　NW　quadrantoftheskymadeitimpossib1etotrack
enough　sate1lites　to　estimate　meaningfu1positions　for　these　sites　during　the　initia113
monthperiod．Withthelaunchi㎎ofthefirsttwob1ock　II　sate11ites（PRN’s2and14），the
sate11ite　window　had　improved　considerab1y　by　the　end　of　the　observation　period（Fig．14）
so　that　the　coordinates　of　a11of　the　network　sites　can　be　estimated．The　tracking　window
over　Japan　for　the　seventeen　month　period　is　shown　in　Fig．15，During　the　first　thirteen
monthsthe　window　ofuseful　satel1iteswas　on1y4hours　long．Withthe　lamchofthefirst
two　B1ock　II　sate1lites　the　usefu1window　expanded　to　about7hours．During　the
GOTEX－1campaign　the　observing　window　was　expanded　to　about12hours　to　inc1ude　aIl
times　when　at1east　two　sate11ites　were　visib1e　over　Japan　in　order　to　maximize　the
common　visibi1ity　with　the　GOTEX－1sites　in　the　Pacific　region．Because　of　the　unfavor－
ab1e　conste11ation　before　the　launching　of　the　first　B1ock　II　sate11ites，the　e1evation
cut－off　ang1e　was　set　to12．5てor　the　B1ock　I　on1y　period　and　changed　to！5。ぴafter　the
B1ock　II　sate11ites　became　avai1ab1e．
　　　In　the　pre－processing　stage　we　edit　the　tracking　data　to　repair　cyc1e　s1ips　and　remove
data　out1iers，applying　a　combination　of　automatic　and　interactive　procedures　to　undif－
ferenced　and　doub1y　differenced　phase　residua1s．In　the　one－way　phase　procedure，we
fixed　cyc1e　s1ips　greater　than　a　few　cyc1es　in　the　L1and　L2phase　measurements　by
smoothing　ionosphere－free　and　mode1－free　combinations　of　phase，and　remove　data
out1iers．The　same　procedure　is　applied　using　doub1y－differenced　phase　measurements　to
remove　remaining　sma11cyc1e　sIips，insert　additional　phase　ambiguity　parameters　where
cyc1e　s1ips　camot　be　fixed　with　high　confidence，and　e1iminate　questionab1e　data．Fig．16
shows　the　number　of　cycle　slips　per　site　and　per　sate11ite　for　every　two－day　samp1ing
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Fig．15．Tracking　window　in　local　time　over　the
　　　　　seventeen　lηonths　of　data　coHection．
　　　　　The　satellite　constel1ation　apPears　near－
　　　　　ly　four　nlinutes　ear1ier　each　day．The
　　　　　longest　tracking　window　was　during　the
　　　　　GOTEX－1experiment、
Fig．16．Number　of　cycle　slips　per　site　and　per
　　　　　satellite　for　each　two－day　sa1刀pling
　　　　　window．Squares　indicate　cycle　slips　in
　　　　 Ll　phase　and　triang1e　cycle　slips　in　L2
　　 　　phase．
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period．We　experienced　less　than　O．2cyc1e　s1ips　per　site　per　sate11ite　onmost　ofthe　days，
even　though　this　was　a　period　of　severe　solar　activities．The　number　of　the　cyc1e　s1ips　is
larger　for　L2phase　than　Ll　phase，because　L2phase　was　tracked　in　the　codeless　mode．
The　numbers　of　cycle　slips　tended　to　increase　in　the　summer　season，although　there　were
some　large　increases　during　other　seasons　as　well．
　　　　In　the　ana1ysis　we　fix　the　coordinates　of　the　ENZ　site　because　it　is　located　in　the
centra1part　of　the　fixed－point　network，in　a　relative1y　stab1e　zone　according　to　geodetic
measurements　over　the1ast　century（Harada　and　Isawa，1969；Fujii　and　Nakane，1982；
GSI，！987）．We　apply　a　simu1taneous　two－sessions　ana1ysis（spamingthree　revolutions　of
each　sate1lite）for　each　data　window，estimating　site　coordinates，corrections　to　the
initia1conditions　of　each　sate11ite，a　direct　so1ar　radiation　parameter　for　each　satellite
（this　orbita1parameter　was　unconstrained），a　single　zenith　delay　parameter　per　station
per　session，and　an　independent　set　of　double－difference　phase　ambiguity　parameters　per
session．We　use　a　mu1ti－arc　adjustment，as　described　by　Dong　and　Bock（1989），because
the　poor　sate1lite　geometry　over　Japan　during　this　period　make　sing1e－arc　so1utions　very
imprecise．For　the　site　coordinates　we　initia1ly　use　the　coordinates　derived　from　the　one
week　of　GOTEX－1ana1ysis　and　constrain　the　coordinates　to　the　variances　obtained　from
the　network　adjustment　of　the　seven　independent　GAMIT　so1utions．In　order　to　arrive　at
our　best　estimates　of　the　re1ative　station　positions　we　refine　them　from　the30indepen－
dent　two－day　so1utions　over　the　seventeen　month　period．The　va1idity　of　this　approach
depends　on　theα卯乞oガassumption　that　any　crusta1deformation　over　this　period　is　small
（no　more　than　severa1cm）．We　seek　the　best　mean　va1ues　for　the　station　positions　o▽er
this17month　period，re1ative　to　which　rates　of　crustal　deformation　are　determined．For
the　HTS　and　KWN　sites，however，we　use　two　sets　of　site　coordinates，before　and　after
the　seismic　swarm　activity　of　Ju1y4－10．1989which　resulted　in1arge1oca1deformation
（Shimadaθチα／．，1990）．Table4shows　the　fina1constraints　used　for　the　site　coordinates．
Table4．Site　constraint　values　of　each　coordimte　component
　　　　　　for　the　fina1anaIysis　of　the　initial　seventee11n］onths
　　　　　　of　data（n］1T！）．
Site
FC正I
HKWHM0
｝ITS
HTS｝
ICH
KWN．
KWN“SMDSMY
YST
1atitude　　　1ongitude　　　　radius
4　　　　　　6　　　　　　9
5　　　　　　6　　　　　　8
7　　　　　　9　　　　　11
6　　　　　　7　　　　　11
17　　　　　27　　　　　32
9　　　　　10　　　　　11
6　　　　　11　　　　　15
17　　　　　32　　　　　36
7　　　　　　9　　　　　12
8　　　　　15　　　　　27
8　　　　　10　　　　　14
forthcperiodbcforedayofyear184．！989．
foT　the　period　after　day　of　yeal＝199．1989．
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As　initial　orbit　va1ues，we　use　the　NSWC　precise　ephemeris　for　the　data　in1988and　the
broadcast　ephemeris　in1989．We　constrain　the　sate11ites　orbita1elements（except　for　the
aIong　track　component）to0．01ppm（of　the　mean　geocentric　distance　to　the　sate1lite）for
the　NSWC　ephemeris　and0．2ppm　for　the　broadcast　ephemeris，according　to　their
expected　accuracy’s（Swift，1985；Remondi　and　Hofmam－Wel1enhof，1989）．We　constrain
the　a1ong　track　component　of　the　NSWC　precise　ephemeris　to　O．2ppm　andto4ppm　for
the　broadcast　ephemeris．
　　　　We　correct　for　dry　tropospheric　excess　path　delays　from　surface　barometric　and
temperature　va1ues（eIg．，Resch，1984）．However，since　surface　humidity　does　not　repre－
sent　we11tempora1and　spatia1distributions　of　water　vapor　in　the　atmosphere，we　apply
a　nomina1humidity　va1ue　of50％in　the　wet　tropospheric　de1ay　calcu1ation　and　estimate
a　zenith　de1ay　correction　value（one　parameter　for　each　session）in　the1east　squares
analysis　to　account　for　residual　wet　de1ay　effects．We　app1y　the　Saastamoinen（1972）dry
and　wet　zenith　delay　mode1and　CfA－2．2dry　and　wet　mapping　function（Davisθオα／．，1985）．
4．3　　results
　　　We　obtain　time　series　of　the30independent　determinations　of　station　positions
re1ative　to　fixed　ENZ　over　the　period　from　Apri11988to　August1989．For　example，the
time　series　of　the　ENZ　to　ICH　and　ENZ　to　SMD　base1ines　are　shown　in　Fig，17and　Fig．
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Fig．17．Time　series　for30independent　determinations　of　the　ENZ　to　ICH　base1ine　vector，in
　　　　　terms　of　north－south，east－west　and　up－down　components，and　length．Each　point
　　　　　　denotes　the　result　of　a　two－day　solution　and　its　one－sigma　error　bar．The　least－squares
　　　　　straight　line　fit（one－sigma）is　indicated　for　each　component．Outlying　points　indicated
　　　　　by　a　triang1e　are　excluded　fron／the　straight1ine　fit．
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Fig．18．Time　series　for30independent　determinations　of　the　ENZ　to　SMD　baseline　vector，
　　　　　　in　terms　of　north－south，east－west　and　up－down　components，and1ength．Each　point
　　　　　　denotes　the　resu1t　of　a　two－day　so1ution　and　its　one－sigma　error　bar．An　least－squares
　　　　　straight　line　fit（one－sigma）is　indicated　for　each　component．Out1ying　points　indicated
　　　　　by　a　triang1e　are　excluded　fronl　the　straight　line　fit．
18．There　are　no　significant　variations　in　the　horizontal　components（and1ength）of　the
ENZ　to　ICH　base1ine　vector，irrespective　of　the　somewhat1arger　scatter　observed　in　the
1ast　three　months　of　data．There　is　no　significant　motion　of　the　north　component（and
1ength）of　the　near1y　north　to　south　oriented　ENZ　to　SMD　base1ine，but　we　detect　a
significant　westward1inear　drift　in　the1ongitudina1component　with　a　ve1ocity　of27±
5mm／yr．For　both　baselines　there　appears　to　be　margina1ly　significant　vertica1ve1ocities
of－13±5and－13±4mm／yr　respective1y，exc1uding　the　ENz　to　ICH　data　with1arger
scatter　observed　during　the1ast　three　months（June　to　August，1989）、This1arge　scatter
is　not　seen　on　the　other　base1ines　so　it　is　difficu1t　to　attribute　it　to　an　error　that　wou1d
be　network　wide，e．g．，a　prob1em　with　a　particu1ar　sate11ite，1ess　precise　orbits　over　this
period　or　a　prob1em　at　the　fixed　ENZ　site．The1arge　scatter　in　both　the　horizonta1and
vertica1components　is　probably　due　to　a　loca1ized　phenomena　at　the　ICH　site，probab1y
1arge　and　horizonta11y　heterogeneous　wet　tropospheric　de1ays　associated　with　high
temperature　and　humidity．
　　　　Tab1e5summarizes　the1atitudina1，1ongitudina1，and　radial　components　of　the
ve1ocity　vector　derived　from　a　least　squares　fit　to　the　comp1ete　time　series　of　the　base1ine
vectors，The　velocities　of　SMY　and　KWN　are　not　determinedbecause　of　the　sparseness
of　so1utions　to　those　sites．Considering　the　loca1de　Table5summarizes　the1atitudinal，
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Table5，Velocity　vector　components　derived　from　baseline　vectors　from　the　ENZ　site　to　the　other　sites
　　　　　　　（mm／yr）．Uncertainties　are　one－sigma　va1ues．
Site 1atitude　longitudc　radi・s
FCH　　　　5±4
HKW　　　3±3
HMO　－17±5
HTS　　　　1±5
1CH　　　－6±7
SMD　　　＿7±5
YST　　　　7±5
　　5±6　　　＿3±4
　　5±5　　　19±3
　－6±4　　　－5±5
　－1±5　　　　21±7
　　7±6　　－13±5
－27±5　　　　－13±4
　　3±8　　　－12±15
longitudina1，and　radial　components　of　the　velocity　vector　derived　from　a1east　squares
fit　to　the　comp1ete　time　series　of　the　base1ine　vectors．The　velocities　of　SMY　and　KWN
are　not　determined　because　of　the　sparseness　of　so1utions　to　those　sites．Considering　the
local　deformation　associated　with　the　seismic　swarm　and　sea－f1oor　vo1canic　activity　off
the　east　coast　of　the　Izu　Peninsu1a　in　May　and　Ju1y1989，we　only　use　data　for　the　HTS
site　in　the　period　before　the　activity．We　exc1ude　al1radia1va1ues　with　deviations1arger
than2sigma．This　includes6radia1va1ues　for　the　ENZ　to　YST　vector，6for　ENZ　to　ICH
（Fig．17），4for　ENZ　to　FCH，5for　ENZ　to　SMD（Fig．18），2for　ENZ　to　HKW（Fig．20），
and3for　ENZ　to　HMO（Fig．20）．The　vertica1component　of　the　YST　site　has1arge
scatter　in　the　so1ution　that　is　probab1y　re1ated　to　many　data　outages　and　poor　satemte
visibility　at　the　site．No　horizontal（1atitudina1or1ongitudina1）components　are　exc1uded
　40㎞1
20mm／yr
←
36o　N
35。
　　　　　　　　　　　138o　E　　　　　　　　　　　　139o　　　　　　　　　　　　　140o
Fig．19Horizontal　velocity　vectors　for　seven　of　the　NIED　stations　re1ative　to　the　fixed　ENZ
　　　　　　site，with　two－sigma　error　ellipses　at　each　site．
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from　the　ve1ocity　computations．
　　　　The　horizonta1velocities　of　the　network　sites　are　shown　in　Fig．19－The　horizonta1
motions　of　two　network　sites　are　significant　at　the95％（two－dimensiona1）confidence
1evel；the　near1y　westward　motion　of28mm／yr　at　the　SMD　site　on　the　northem　tip　of
the　PHS　p1ate　and　south－southwestward　deformation　of18mm／yr　at　the　HMO　site　on
the　southeastem　tip　of　SW　Japan．There　is　insignificant　horizontal　deformation　of　the
other　sites　YST，ICH，FCH，HKW，HTS（before　the　seismic　swarms）at　the95％
（two－dimensiona1）confidence1eve1．
　　　　Vertical　movements　at　some　of　the　network　sites　a1so　indicate　significant　crusta1
motion．In　Fig．20we　show　the　changing　vertica1component　of　the　base1ine　vectors　from
ENZ　site　to　three　network　sites．The　HKW　site　located　at　the　in1and　area　in　SW　Japan
shows　extraordinary　up1ift　with　a　ve1ocity　of19±3mm／yr．The　HTS　site　before　the
seismic　swarms（arrows　indicate　two　swarm　events　in　May　and　July1989）also　indicates
uplift　of21±7mm／yr，The　HMO　site　shows　insignificant　subsidence　of5±5mm／yr．
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Fig．20．Time　series　for30independent
　　　　　　deternlinations　of　the　up－down
　　　　　　component　of　the　baseline　from
　　　　　　ENZ　to　HKW，HTS，and　HMO．
　　　　　　Each　point　denotes　the　result　of
　　　　　　a　two－day　so1ution　and　its　one－
　　　　　　sigma　error　bar－The　1east－
　　　　　　squares　straight　line　fit　（one－
　　　　　　sigma）is　indicated　for　each
　　　　　　component．Out1ying　Points　in－
　　　　　　dicated　by　a　triangle　are　excIud－
　　　　　　ed　from　the　straight　line　fit一
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5．　Cmsta1lMovemeIlts　Associated　with　a　Seismo－Volcanic　Activity　in　the　Izu
Peninsu1a
5．1　Feature　of　the　Seismic　and　Volcanic　Activity
　　　Since1978，seismic　swarms　have　occurred　frequent1y　in　an　area　of　radius1ess　than
20km　off　the　east　coast　of　the　Izu　Peninsu1a（Ishida，1987；Hori，1989）．The　up1ift　with
a　maximum　value　of0．3m　was　measured　in　an　area（about40×20km）to　the　west　of
the　swarm　region　between1978and1988（GSI，1989；Tada　and　Hashimoto，1991）．The
1argest　earthquake　in　this　area（M・6．7）occurred　in1980and　the　most　recent　swarm
before1989occurred　in　Ju1y　and　August1988with　the1argest　event　of　M5．2（JMA，1989）．
　　　Around　May20．1989，a　smal1－sca1e　seismic　swarm　occurred　for　several　days　in　this
area．After　one　month’s　quiescence，an　extensive　swarm　began　again　with　peak　activity
between　Ju1y4and　lO，during　which　the1argest　earthquake（M・5．5）occurred　at　Ju1y　g
with　the　strike－s1ip　mechanism　with　s1ight　reverse－s1ip　component　and　maximum　com－
pressiona1axis　of　NNW－SSE（JMA，1990a；Matsumuraθ左α／．，1991）．Fig．21shows　time
variation　of　the　number　of　earthquakes　off　east　coast　of　the　Izu　Peninsu1a　for　June30and
July31．1989（JMA，1990a）．Vo1canic　tremors　then　occurred　on　July　l1and12（Kudoθ5
α／．，1991；Gotoθ≠α／．，1991），fo1lowed　by　a　submarine　vo1canic　eruption　on　Ju1y13（Oshima
θ左α／．，1991），1ater　named　the　Teishi　vo1cano．Fig．22shows　the　swarm　epicentra1region
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Fig．21Time　variation　of　the　number　of　earthquakes　off　east　coast　of　the　Izu　Peninsu1a　for
　　　　　June30and　July31．
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5．2　GPS　Measureme皿ts
　　　Among　the　NIED　fix－point　GPS　network，the　HTS　site　at　Hatsushima　Is1and　is
1ocated　to　the　north－east　of　the　swarm　region，and　the　KWN　site　to　the　upheava1area
at　the　east　coast　of　the　Izu　Peninsu1a　and　the　south　of　the　swarm　region（Fig．22）．
Unfortunate1y　there　are　obstac1es　towards　the　northwest　sky　at　the　KWN　site，so　that
we　cou1d　not　determine　the　position　of　this　site　unti1a　new　B1ock　II　sate1lite（PRN14）
became　avai1ab1e　in　mid－May．Base1ine1ength　between　those　two　sites　is　about　lO　km，
　　　Shimadaθ左α／．（1990）discussed　the　GPS　phase　data　from　the　HTS　and　KWN　sites
obtained　in　the　period　between　May　and　September1989，which　includes　the　period　of
swarmanderuptionactivities．Weexc1udedthe　othereightsitesbecausethedeformation
seems　to　haveresu1ted　in　are1ativedisp1acementbetweenthesetwo　sites　on1y．Moreover
for　short　baseIines　equa1or1ess　than　lO　km，the　ionospheric　and　tropospheric　excess　path
de1ays　have　very　little　differences　among　the　sites，and　the　ephemeris　error　of　sate11ite
positions　a1so　gives　minor　inf1uenceS，thus　the　ana1ysis　of　a　sing1e　short　baseline　is
expected　to　obtain　better　repeatabiIity　comparing　with　the　whole　network　site　ana1ysis
inc1uding　short　and　intermediate（10－300km）base1ines（e．g．Schaffrin　and　Bock，1988；
Davisθ左α／．，1989）．The　data　are　co11ected　over　a　period　of4hours　with30second
samp1ing　and　four　sate11ite（PRN3，11，13and14）tracking．We　used　broadcast　ephemer－
ides　to　ca1cu1ate　sate11ite　orbits．Fig．23shows　the　resu1ts　of　time　variations　of　the　HTS
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Fig．22．Locations　of　fixed－point　GPS　sites，HTS　andKWN（●），dai1y　EDM　site　at　KSM　and
　　　　　HTE，and　volumetric　strainmeter　site　at　HIZ（十〕，the　seismic－swarm　epicentral　region
　　　　　in　Ju1y1989（dashed　line），and　the　Teishi　sea－floor　volcano　which　erupted　on13July
　　　　　1989（▲）．
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一KWN　base1ine　vector．Owi㎎to　severe　ionospheric　activity　and　unfavorab1e　satel1ite
conditions　over　the　sites，the　analysis　of　the　data　obtained　on　certain　days　is　very
difficu1t，and　we　cou1d　not　obtain　the　base1ine　solution　for　those　days，especia11y　for　the
1ast　four　days　of　the　peak　swarm　activity　in　Ju1y，because　of　the　broadcast　ephemerides
of　the　sate11ite　PRN14were　not　avai1able．
5．3　0btaimd　Cmsta1Movements
　　　　We　found　significant　crusta1deformation　in　the　period　of　the　peak　swarm　activity
in　Ju1y．The　difference　between　the　average　va1ues　of　thirteen　data　before　the　swarm　and
tendata　aftertheswarm　indicatesthattheKWN　sitemoved136mmto　thesouth，62mm
to　the　west　and　about50mm　up　re1ative　to　the　HTS　site，and　the　HTS－KWN　base1ine
length　extended145mm．The　error　bars　of　each　single　p1ot　are　equal　or1ess　than3mm
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Fig．23．Results　of　time　variations　of　the　position　of　the　KWN　site　referenced　to　that　of　the
　　　　　　HTS　site、（a）Latitudinal，（b）longitudinal，and（c）vertical　vector　components　of　the
　　　　　　KWN　site，and（d）the　baseline　le㎎th，are　shown．The　shaded　region　between4and
　　　　　　lO　July　indicates　the　peak　activity　of　swar－n，and　the　arrow　denotes　the　sea－floor
　　　　　　eruption　on13Ju1y1989．
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for　horizonta1components　and　baseline1ength，and　equa1or1ess　than　lO　mm　for　the
vertical　component．The　r．m．s．scatter　of　the　thirteen　data　points　before　the　swarm　are
3mm，4mm　and13mm　for　the1atitudina1，longitudina1and　vertical　components
respectively，and3mm　for　the　base1ine1ength，whereas　those　of　the　ten　data　points　after
the　swarm　are4mm，11mm，！7mm　and3mm　for　those　components　and　baseline　length
respectiveIy，The　larger　scatters　after　the　swarm　originate　from　the　severe　ionospheric
activity．Intheseries　ofswarm　andvo1canic　activitiesduringMayandJu1y1989，obvious
crusta1movements　occurred　on1y　in　the　period　of　the　peak　swarm　activity　in　Ju1y，and
the　movements　ceased　before　the　occurrence　of　the　vo1canic　tremor　and　submarine
eruption．
　　　　In　the　eastem　part　of　Izu　Peninsu1a，several　continuous　crusta1movement　observa－
tions　were　a1so　made，using，for　examp1e，a　boreho1e　ti1tmeter　at　the　KWN　site，a
boreho1e　volumetric　strainmeter　at　the　Higashi－Izu（HIZ）site　about30km　south－west　of
the　swarm　region，and　daily　EDM（e1ectric　distance　measuring）measurements　between
the　HTE　and　Kusumi（KSM）sites　about3km　west　of　the　KWN　site（Fig．22）．The
ti1tmeter　detected　ESE－down　crustal　ti1t　of　up　to20μrad　during　the　peak　swarm，
whereas　the　movements　were　less　than5μrad　before　and　after　the　swarm（Yamamoto
θ～1．，1991）．The　strainmeter　at　the　HIZ　site　showed　a　crustal　compressive　strain　of　lO■6
（JMA，1990b），and　the　EDM　base1ine1ength　extended　about230mm　during　the　peak－
activity　period（Tsuneishi，1991）．
　　　The　crusta1movements　detected　by　the　GPS　measurements　indicate　a　fracture
opening　around　the　swarm　region．The　swarm　activity　is　interpreted　as　the　fracture　of
crust　caused　by　the　opening　accompanied　with　the　upward　movements　of　magma，From
the　epicentra1distribution　ofthe　swarm，thefracturecanbe　assumedto　extend　inaE－W
to　NW－SE　direction　and　to　inc1ude　Teishi　volcano（Okada　and　Yamamoto，1991；Tada
and　Hashimoto，1991）、The　direction　is　a1most　perpendicu1ar　to　the　predominant　defor－
mation　of　the　GPS　base1ine，indicating　a　tensile　movement．The　crustal　ti1t　change　at　the
KWN　site，the　crusta1compression　at　the　HIZ　site　and　the　EDM　base1ine　extension　are
also　consistent　with　the　tensile　mode1．The　observed　time　variations　of　the　GPS　base1ine
reveal　that　the　opening　was　completed　before　the　volcanic　tremors　and　submarine
eruption．
　　　Because　the　vo1canic　tremor　is　thought　to　originate　from　magma　movements，the
fact　that　the　vo1canic　tremors　and　the　sea－f1oor　vo1canic　eruption　occurred　after　the
tensi1e　deformation　indicates　that　the　magma　movements　that　caused　these　vo1canic
phenomena　were　confined　to　a　very　limited　surface1ayer．These　results　demonstrate　that
the　GPS　fixed－point　observation　can　revea1the　time　sequence　of　the　crusta1movements
associated　with　seismic　swarm　and　volcanic　activity．
6．　Discussion
6．1　Initia1Seventeen　Months　of　Data　Ana1ysis
　　　Horizonal　and　vertica1movements　of　the　NIED　network　sites　revea1for　the　first
time　instantaneous　crustal　motion　with　approximate1y5mm／yr　resolution　in　the　plate
converging　zone　of　the　Kanto　and　Tokai　districts．The　resuIts　indicate　that　frequent　GPS
measurements　can　reveal　the　instantaneous　displacement　fie1d　in　a　re1atively　short　pe一
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riod　of　time　and　in　a　sma1l　fraction　of　the　interseismic　period．Shimada　and　Bock（1992）
discussed　the　study　as　the　fo11ows：
H0プゴ20〃広α／　〃Z0ガ0〃∫
　　　The　rate　of　motion（28mm／yr）obtained　by　our　ana1ysis　of　the　SMD　site　on　the
northem　tip　of　the　PHs　p1ate　is　consistent　with　the30－40mm／yr　of　Senoθ～／、（1987）and
32mm／yr　of　Hashimoto　and　Jackson（1992）．However，the　S75W　direction　of　motion　of
the　SMD　site　differs　from　the　N50W　direction　of　Seno　for　the　main　part　of　the　PHS
p1ate　and　is　more　consistent　with　the　N70W　direction　of　Hashimoto　and　Jackson　under
their　assumption　that　the　Izu　b1ock　is　part　of　the　PHS．The　steady　westward　motion　of
the　SMD　site　is　also　consistent　with　conventiona1geodetic　measurements　in　the　western
and　southem　part　of　the　Izu　Peninsu1a　during　the1931－1983period（Fujii　and　Nakane，
1982；GSI，1987），although　the　observed　strain　fie1d　is　affected　by　two1arge　earthquakes
in　and　around　the　Izu　Peninsu1a：the〃6．9Izu－Hanto－Oki　earthquake　in1974andthe
〃■7．0Izu－Oshima－Kinkai　earthquake　in1978．
　　　Our　resu1ts　tend　to　support　the　mode1of　Ukawa（1991）who　proposed　a　two－
dimensiona1e1astic　finite　e1ement　model　to　exp1ain　the　earthquake　mechanisms　in　and
around　the　Izu　Peninsu1a．One　of　the　boundary　conditions　of　this　model　is　no　re1ative
disp1acement　in　the　co1lision　zone　between　the　Izu　Peninsu1a　and　the　central　part　of
Honshu　island．We　assumed　that　the　ENZ　site　is　in　a　region　unaffected　by　the　co1lision
of　the　Izu　Peninsu1a　and　detected　no　extension　in1ength　of　the　primari1y　north　to　south
oriented　ENZ　to　SMD　base1ine　which　spans　the　supposed　co11ision　zone，His　assumption
of　slab　pu11and　s1ab　resistance　forces　along　the　Sagami　and　the　Suruga　troughs1eads　to
a　model　in　which　the　T－axis　of　the　stress　fie1d　is　directed　east　to　west　in　the　centra1Izu
Peninsu1a　which　is　consistent　with　our　resu1t　of　near1y　westward　motion　ofthe　SMD　site．
We　can　deduce　that　the　direction　of　motion　of　the　northern　tip　of　the　PHS　is　rotated
westward　from　the　direction　of　motion　of　the　main　part　of　the　p1ate　because　of　the
co11ision　of　the　Izu　Peninsu1a　with　the　centra1part　of　Honshu　is1and　and　the　s1ab　pu11
force　on　the　subducting　P1ate　a1ong　the　Suruga　trough．
　　　It　is　wel1known　that　in　norma1subduction　the　surface　of　the　subducted　p1ate
deforms　with　compression　perpendicu1ar　and　extension　paral1el　to　the　trench．The
south－southwestward　motion　of18mm／yr　at　the　HMO　site　indicates　significant　exten－
sion　para11e1to　the　trough　axis　in　this　area　while　geodetic　surveys　in1974－1977and
1986－1988revea1significant　surface　compression　norma1to　the　trough　axis（GSI，1990b）．
　　　Seismicity　indicates　that　PHS　is　a1so　actively　subducting　to　the　northern－northwest
a1ong　the　Sagami　trough（Ishibashi　and　Ishiba，1989；Ukawa，1991）．However，we　find　no
evidence　of　deformation　across　the　Sagami　trough．The　disp1acement　fie1d　obtained　by
our　analysis　indicates　extension　of　the　ICH　to　SMD　and　HTS　to　SMD　base1ines，and
contraction　ofthe　HKWto　SMD　and　HMO　to　SMDbase1ines．Fig．24showsthe1ocation
of　the　ICH　to　SMD　and　HKW　to　SMD　base1ines　with　respect　to　the　Sagami　and　the
Suruga　troughs，and　the　time　variations　of　the　baseline1engths　of　the　ICH　to　SMD　and
HKW　to　SMD　base1ines．The　ICH　to　SMD　baseline　crosses　the　Sagami　troughwhile　the
HTS　to　SMD　baseline　is　west　of　the　trough．Our　observed　ICH　to　HTS1ength　variation
of7±10mm／yr　indicates　no　significant　deformation　across　the　Sagami　trough（while
there　is　c1ear　indication　of　deformation　across　the　Suruga　trough）．Most　of　the　earth一
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Fig．24Location　of　ICH　to　SMD　and　HKW　to　SMD　base1ineswith　respect　to　the　Sagami　and
　　　　　the　Suruga　troughs，and　time　variations　of　the　baseline1engths　ofthe　ICH　to　SMD　and
　　　　　HKW　to　SMD　baselines．
quakes　have　dip－s1ip　type　mechanisms　in　the　subducted　Kanto　area　which　makes　it
un1ike1y　that　there　is　extension　on　the　northwest　side　of　the　Sagami　trough．Thus　the
extension　appears　to　occur　on　the　PHS　p1ate　east　of　the　Izu　Peninsula　and　west　of　the
HTS　site　which　is　consistent　with　recent　ane1astic　deformation　in　the　same　area：the〃6．
7strike－s1ip　type　earthquake　east　of　Izu　Peninsu1a　in1980，the　eruption　of　the　Izu　Oshima
vo1cano　in1986associated　with　one－meter　width　NNW－SSE　directed　fissure　opening
（Hashimoto　and　Tada，1988），and　the　seismo－volcanic　activity　during1978and1989east
of　Ito　city　associated　withtensile　crack　opening（JMA，1990a；Tada　and　Hashimoto，1991）．
It　appears　that　northeastem　strip　of　the　PHS　p1ate　a1ong　the　Sagami　trough　is　separating
from　the　main　part　of　the　northern　PHS　plate（Fig．25）．This　is　consistent　with　the
significantly　different　deformation　in　the　northeastern　part　of　the　Izu　Peninsu1a　than　in
the　western　portion　observed　by　e1ectronic　distance　measurements（Misawa　and　Fujii，
1991）．
　　　Recent　crustal　activity　in　and　around　the　Izu　Peninsu1a　is　thought　to　be　associated
with　the　forecasted“Tokai”interplate　earthquake　along　the　Suruga　trough．Simi1ar
一65一
Report　of　the　National　Research　Institute　for　Earth　Science　ar■d　Disaster　Prevention，No．50’December1992
、1980
俺986
Fig．25Schematic　view　of　the　motion　of　the　northem　tip　of　the　PHS　plate　and　recent　crusta1
　　　　　activities　occurring　between　the　Sagami　trough　and　the　northeast　coast　of　the　Izu
　　　　　Peninsu1a．
activity　occurred　in　and　around　the　northern　tip　of　the　PHS　p1ate　after　the1923Great
Kanto　earthquake（M・7．9）inc1uding　severe　seismic　swarms　off　the　east　coast　of　the　Izu
Peninsu1a　before　the1930North－Izu　earthquake，in　the　same　area　as　the　seismic　swarms
and　sea－f1oor　vo1canic　activity　during1978and1989．This　activity　suggests　the　same　kind
of　fracture　opening　before　and／or　after　the1923Great　Kanto　earthquake，caused　by　the
westward　motion　in　the　centra1and　southern　part　of　the　Izu　Peninsu1a　and　the　northwest－
ward　oriented　fracturing　in　the　northem　tip　of　the　PHS　p1ate　along　the　Sagami　trough．
Ishibashi（198！）hypothesized　northwestward　oblique　slip　vectors　for　the　expected　Tokai
earthquake　in　the　same　direction　as　the　Great　Kanto　earthquake，but　our　result　of　nearly
westward　motion　for　the　SMD　site　suggests　a　nearly　trough　norma1direction．An
important　question　which　can　be　addressed　by　continued　observations　within　the　NIED
network　is　whether　the　nearIy　westward　direction　of　motion　of　the　central　part　of　the　Izu
Peninsu1a　is　invariant　or　whether　the　direction　changes　after　events　such　as　the　Great
Kanto　earthquake、
篶プガ6α／　〃¢0ガ0〃∫
　　　Wide　distribution　of　up1ift　has　been　detected　in　the　Izu　Peninsu1a　since1973．The
peak　of　the　up1ift　was1ocated　in1and　of　the　northem　Izu　peninsu1a　before1978．It　moved
to　the　east　coast　in1978associated　with　a　series　of　seismic　swarms　east　of　the　Izu
peninsu1a（Ishii，1989；Kuwayama　and　Fujii，1990）I　Because　of　the　coarse　distribution　of
leve11ing　routes　inland　of　the　peninsu1a，Ishii（1989）and　Kuwayama　and　Fujii（1990）
carried　out　tempora1－spatia1interpo1ation　to　reveal　the　spatial　distribution　and　time
variations　ofthe　vertical　movements．Accordingto　these　studies　the　area　at　the　SMD　site
should　subside　in　the　period1988－1989by　O一ユO　mm／yr，consistent　with　the13±4mm／
yr　of　subsidence　detected　in　our　study．
　　　　The　tide　gauge　measurements　at　Hatsushima　Is1and　indicate　about30－40mm／yr
up1ift　since1985（GSI，1990a；Tada　and　Hashimoto，1991）which　is　thought　to　be　re1ated
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with　the　uplift（since1978）east　of　the　Izu　Peninsula　in　the　epicentral　area　of　the　seismic
swarms．The　amount　of　the　up1ift　is　somewhat1arger　than　our　result（21±7mm／yr　of
up1ift　observed　at　the　HTS　site　during　the　period　from　Apri11988to　May1989）probab1y
because　the　tide　gauge　measurements　inc1ude　both　the　secu1ar　and　the　stepwise　up1ift
associated　with　the　seismic　swarm　activity．Ishibashi4α／．（1982）reported　on7m　up1ift
over　the　last6000years　on　Hatsushima　IsIand　from　geomorphological　evidence　which
indicates　an　average　rate　of1．2mm／yr，indicating　the　up1ift　occurs　continua11y．
　　　　Vertical　displacement　in　the　Quatemary（Fig．261ower　plate）has　been　estab1ished
from　geologica1and　geomorpho1ogical　studies（NRCDP，1969；Research　Group　for
Quatemary　Tectonic　Map，1973）．Dambara（1971）used　geodetic1eve1ling　data　to　deter－
mine　recent　vertical　movements　for　the　main　islands　of　Japan　over　the70year　period
between1895and1965（Fig．26upper　p1ate）．Unfortunate1y，extensive　studies　of1eve11ing
after　this　period　are　not　readi1y　availab1e．Superimposed　on　both　plates　in　Fig．26are　the
vertical　movements　of　the　NIED　GPS　sites　re1ative　to　ENZ．Subsidence　in　the　Kanto
district　and　the　area　in　and　around　the　Suruga　Bay　and　up1ift　in1and　of　the　Tokai　district
are　common　features　in　the　Quatemary，over　the70years　of　leve11ing　survey　and　over
the　seventeen　months　of　GPS　fixed－point　measurementsI　Our　resu1ts　indicate　that　the
ICH　site　in　the　Kanto　district　is　subsiding　at　a　rate　of13±5mm／yr　which　is　in　contrast
to1evelling　resu1ts　over　the　period1895to1965which　reveal　no　significant　motion，This
discrepancy　may　be　exp1ained　by　coseismic　up1ift　of　the　site　during　theユ923Great　Kanto
earthquake．Fig，26（1ower　p1ate）indicates　that　the　HKW　site　is1ocated　on　a　ridge　ofthe
up1ift　in　the　Quatemary，in　the　we11－known　Akaishi　up1ift　zone　with　mountain　peaks　up
to3100mhigh．A1thoughthecenteroftheup1iftdeterminedby1eve11ingseemstobe
further　west，there　is　no　level1ing　route　in　the　Akaishi　mountain　and　the　contour　ref1ects
the　uplift　of　the　route　in　the　westem　foothil1s　of　Akaishi　mountain（Thatcher　and
Matsuda，ユ981）．The　HKW　site　is1ocated　at　the　southem　edge　of　the　Akaishi　uplift　zone
with　an　elevation　of450m，and　far　from　conventionaI1eve11ing　routes．Our　study　suggests
a　high　rate　of　uplift（19±3mm／yr）occurring　in　the　Akaishi　uplift　zone，with　the　rate
severa1times　higher　than　determined　by1eve11ing．Up1ift　of　this　magnitude　results　in　l000
mupliftinon1y50，OOOyrsmakingitdifficu1ttointerpretwhethertheupliftisacce1erated
in　the1ast　tens　of　thousands　of　years　or　whether　it　occurs　continual1y　in　the　interseismic
periods　of　the　hypothesized“Tokai”type　interp1ate　earthquake．
　　　The　subsidence　of　HMO（5±5mm／yr）is　consistent　with　the　recent　resu1ts　obtained
from　frequent1eve11ing　by　GSI（1991a）of5mm／yr　subsidence　in　the　last　few　decades　over
a1eve1ling　route　ending　very　near　to　the　HMO　site．
〃∫0〃∬ゴ0〃ψ地gケ0〃α／F主〃∂一P0〃ルψ∫ゐ
　　　　Regiona1fixed－point　ana1ysis　of　the　NIED　network　with　station　and　orbit　re1axation
reveals　significant　crusta1movements　in　a　re1ative1y　short　period　of　time，despite
extreme1y　poor　sate11ite　geometry．The　constrained　mean　values　of　the　station　positions
define　a　regiona1，network－specific　reference　frame　with　respect　to　which　crusta1
movements　are　estimated．The　station　constraints　are　appropriate　because　the　crusta1
movements　are　sma11which　a11ow　us　to　take　advantage　of　the　many　repeated　measure
ments．These　constraints　do　not　apPear　to　overly　bias　the　least－squares　estimates　of　the
changing　station　positions．That　is，the1east　squares　process　a11ows　the　station　position
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Fig．26Contours　of　vertical　movements　detected　by　geodetic1evening　over　the　period！895to
　　　　　　1965by　Dambara（1971）（upper　p1ate）and　vertical　displacements　in　the　Quaternary　by
　　　　　　NRCDP（1969）in500mcontours（1owerplate）、Superimposedoneachplatearethe
　　　　　　ve1ocities　in　mm／yr　of　the　NIED　sites　from　the　period　Apri11988to　August1989
　　　　　　determined　by　Shimada　and　Bock（1992）．
一68一
Crusta1deformation　by　fixed－point　GPS　interferometry－S．Shimada
to　adjust　to　a　va1ue　somewhat　greater　than　theαμゴoガconstraint　if　that　is　what　it
required　to　best　fit　the　data．
　　　We　successfu11y　used　bothbroadcast　orbits　and　NSWC　precise　orbits　with　appropri－
ate　o〃あガsatel1ite　constraints．It　shou1d　be　stressed　that　we　are　not　claiming　to　have
estimated　improved　satel1ite　ephemerides．The　NIED　network　on1y　spans　about300km
1ongitudina11y　and　about200km　latitudinal1y．Rather，we　have　al1owed　the　orbits　to
adjust　based　on　we11known　mode1s　of　orbita1dynamics　to　fit　the　strict1y　regiona1data
（hence　our　use　of　the　term　orbitκ／伽α肋〃rather　than　orbit伽卯ωθ舳θ州．In　this　way，
we　are　ab1e　to　reduce　orbital　errors　in　a　strict1y　network－specific　sense．
　　　To　maintain　consistency　between　the　regiona1analysis　andα卯ゴoガsateI1ite　orbits，
it　is　preferab1e　to　constrain　the　station　positions　in　the　same　reference　frame　imp1icit　in
the　sate11ite　positions．That　is，the　optima1approach　to　this　type　of　regiona1ana1ysis
appears　to　be　a　periodic　redetermination　of　the　station　positions　re1ative　to　the　same
g1oba1tracking　network　that　produces　the　precise　sate1lite　ephemeris．This　approach　is
becoming　more　feasib1e　with　the　expansion　of　the　g1oba1GPS　tracking　network　and　the
avai1abi1ity　of　precise　sate11ite　ephemerides．
　　　One　of　the　surprising　outcomes　of　this　study　is　the　good　recovery　of　the　vertical
component，better　that　the　experiences　in　Ca1ifornia，and　which　has　been　achieved
despitethepoorsate1litecoverageoverJapan，Weattributethisto　ourstationrelaxation
approach．A1though　tropospheric　effects　can　severe1y　degrade　vertica1repeatabi1ity
compared　to　the　horizonta1，they　tend　to　be　random　in　nature．Therefore，for　a　dedicated
fixed－point　network　it　is　possib1e　to　determine　accurate　relative　vertica1（as　we11as
horizontal）positions　by　averaging，even　with　poor　sate11ite　geometry，Thus，we　can　app1y
fair1y　tight　constraints　on　the　vertica1（as　weI1as　the　horizonta1）components　in　order　to
detect　sma11crusta1movements．
6．2　Seismo－Vo1canic　Activity　in　the　Izu　Peninsu1a
　　　Shimadaθ～／．（1990）has　assembled　a　unique1y　detai1ed　picture　of　events　that　let　up
to　the　submarine　eruption　of　Teishi　volcano　off　the　Izu　Peninsu1a．The　eruption　was
sma1l　and　was　not　destructive　but　data　illus亡rate　the　merits　ofjoint　monitoring　of　seismic
activity　and　crustal　deformation　for　assessing　vo1canic　evo1ution．Thatcher（1990）discus－
sed　the　great　potentia1of　the　GPS　technique　for　measuring　crustal　deformation　and
learning　about　how　volcanoes　work　as　fo11ows＝
　　　Vo1canoes　are　bui1t　by　the　repeated　eruption　of　hot　f1uid　rock（magma）and　rock
fragments　onto　the　Earth’s　surface．Magma　and　associated　gases　reside　beneath　the
volcanic　edifice　in　subsurface　reservoirs（see　Fig．27）．Physica1and　chemica1changes　in
the　coo1ing　and　so1idifying　magma　cause　pressure　changes　in　and　around　the　reservoir
that1ead　to1atera1and　upward　migration　of　magmatic　fluids　through　new　or　reactivated
conduits．This　migration　can　often　be　detected　by1ocating　smal1earthquakes　triggered
by　the　stress　changes　accompanying　magmatic　infection．Pressure　changes　in　the　magma
reservoir　and　stresses　induced　by　magma　and　f1uid　migration　a1so　resu1t　in　deformation
of　the　Earth’s　surface　that　can　be　monitored　by　geodetic　methods　and　by　continuous
measurement　of　ground　ti1t　or　strain　at　the　surface　or　in　sha11ow　boreho1es．
　　　　Vo1canoes　are　only　intermittent1y　active　and　are　typical1y　dormant　for1ong　periods
between　eruptions．A1though　smaI1earthquakes　and　crusta1movements　are　c1ear　indica一
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Fig．27．Long　Valley　ca1dera　in　eastern　Califomia　has　experienced　magmatic　unrest　since1978
　　　　　　and，along　with　the　Izu　Peninsula，is　one　of　the　world’s　most　intensively　monitored
　　　　　　active　volcanic　regions．The　cross－sectiona1view　of　the　caldera　shown　here（from　Hil1
　　　　　　θfα／．，1985）represents　a　synthesis　of　geological，seismic　and　geodetic　information　into
　　　　　　a　picture　of　subsurface　structure　that　is　representative　of　many　active　magmatic
　　　　　　systems，The　magma　reservoir　is　viewed　as　a　vo1ume　containing　a　heterogeneous
　　　　　　distribution　of　molten　rock　lying　be1ow5km　depth，Since　the　lateユ970s，pressure
　　　　　　changes　within　this　region　initiated　the　current　period　of　unrest　and　resulted　in
　　　　　　earthquakes　as　large　as　magnitude　six　and　ground　up1ift　of　O．5m．An　intense　seismic
　　　　　　swarm（asterisks）and1arge　amounts　of　crustal　extension　near　the　southem　rim　of　the
　　　　　　caldera　measured　in　Januaryユ983are　be1ieved　to　have　been　a　result　of　upward
　　　　　　migration　of　magma　to　within　about3km　of　the　surface．This　episode　was　similar　to
　　　　　　the　Ju1y1989Teishi　activity，but　it　did　not　cuIminate　in　an　eruption．Since1984，
　　　　　　crusta1deformation　rates　and　seismicity　have　decIined　but　the　region　remains　restless．
　　　　　　Since　May1989，a　loca1ized　swarm　of　earthquakes　has　persisted　beneath　Mammoth
　　　　　　Mountain，a　ski　resort　near　the　southwest　rim　of　the　caldera，and　this　region　is　stil1
　　　　　　being　c1ose1y　watched．（after　Thatcher，！990）
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tors　of　magmatic　unrest，eruption　is　by　no　means　an　inevitab1e　consequence．Indeed，the
great　majority　of　these　episodes　pass　with　neither　a　bang　nor　a　whimper．During　the　past
decade，magmatic　resurgence　at　Rabau1（Papua　New　Guinea）（McKeeθチα1．，1984），
Pozzou1i（Ita1y）（Barberiθオα／．，1984），Long　Va11ey（Ca1ifornia）（Rund1e　and　Whitcomb，
1984）and　the　Izu　region　have　make　these　among　the　world’s　most　c1ose1y　watched
vo1canoes，but　these　on1y　the　Izu　vo1canoes　have　erupted　thus　far，
　　　　The　Izu　Peninsu1a　experienced　intense　swarms　of　tremors　and　doma1up1ift　during
1925－32and　a　magnitude－seven　earthquake　in1930，but　no　eruptions　occurred．After　more
than40years　of　dormancy，crustal　movements　and　earthquake　swarms　resumed　in1975
and　continue　to　the　present．The　recent　uplift　occupies　a　broad　onshore　region　about40
km　in　diameter　whichundoubted1y　a1so　extended　significant1y　offshore．Magnitude－seven
earthquakes　occurred　on　the　periphery　of　the　upIifted　region　in1978and1980and　simp1e
model　ca1cu1ations　suggest　that　they　were　triggered　by　the　pressurization　of　a　magma
reservoir　centred　about1O　km　beneath　the　maximum　up1ift（Thatcher　and　Savage，1982）．
　　　　The　sequence　of　events　that1ed　up　to　the　Teishi　eruption　is　one　of　the　most　comp1ete
case　histories　ever　documented．The　center　of　up1ift　on　the　Izu　Peninsu1a　has　shifted
s1ight1y　eastwards　since　the1ate1970s，rough1y　towards　the　site　of　Teishi　vo1cano．
However，a　critica1pre－monitor　of　eruption　is　not　the　subsurface　movement　of　magma
but　its　ascent　to　the　Earth’s　surface．Again，seismicity　and　crustal　deformation　supp1ied
the　information　needed　to1ocate　the　zone　of　upward　migration　and　to　fo11ow　its　temporal
eVO1utiOn．
　　　　The　region　around　Teishi　vo1cano　has　shown　intermittent　seismic　activity　since1ate
1978，with12distinct　earthquake　swarms　inc1uding　a　sequence　in1980with　a　magnitude－
seven　event．An　intense　swarm　that　started　on3Ju1y1989differed　from　those　preceding
it　in　that　it　was　accompanied　by1arge　and　rapid　crusta1movements　recorded　by　many
instruments，inc1uding　GPS　receivers．The　movements　and　the　swarm　activity，interpret－
ed　by　Shimadaθ～／．as　an　upward　propagation　of　a　magma　conduit，continued　unti110
July．Ground　tremors　and　strong　rumb1ing　sounds　observed　on　ll　and12Ju1y　may　have
been　due　to　submarine　eruptions　that　were　not　witnessed；in13Ju1y，updoming　of　the　sea
surface　and　a1arge　ash　c1oud　provided　c1ear　evidence　of　eruption．
　　　　Crusta1mo〉ements　invo1ved　in　magma　migration　in　the　upper　crust　are　typica11y
quite1arge，involving　strains　and　tilts　of10parts　per　mi11ion（p．p．m．）or　greater，we11
within　the　reso1ution　of　both　conventiona1geodetic　survey　techniques　and　continuous
strain　monitoring1Common1y，however，1ogistica1constraints　and　cost1imit　vo1cano
survei11ance　and　here　the　new　techno1ogy　of　GPS　has　a　potentia11y　important　contribu－
tion　to　make．
　　　　GPS　has　a　number　of　advantages　over　ground－based　surveying．Because　the　GPS
receivers　track　radio　signa1s　from　orbiting　sate1lites，gromd　stations　need　not　be　visib1e
to　one　another　and　c1ear　skys　are　not　required．Tracking　can　be　pre－programmed　into　the
receivers　and　observing　is　straightforward．In　contrast，high－precision　ground　surveying
is　an　exacting，time－consuming　ski11that　is　manpower　intensive　and　requires1ong－term
commitment．Unti1recent1y　most　of　this　surveying　has　been　done　on1y　by1arge
organizations　such　as　nationa1geodetic　surveys．GPS　is　changing　a1l　this，and　the　fie1d
of　crusta1deformation　measurement　is　now　accessib1e　to　a　wide　spectrum　of　researchers
whose　resu1ts　will　have　great　importance　for　seismo1ogy，tectonics　and　vo1canoIogy．
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　　　　New　observation　networks　have　on1y　recent1y　been　estab1ished　and　the　ful1impact
of　GPS　has　yet　to　be　felt．Most　of　the　new　measurements　are　being　make　at　active　p1ate
boundaries，where　deformation　rates　average　on1y　about0．3p．p．m．per　year　and5－10
years　in　intersurvey　movement　is　needed　to　determine　a　we11constrained　deformation
fie1d．More　immediate　resu1ts　can　be　obtained　by　resurveying　existing　geodetic　contro1
networks，many　of　which　were　estab1ished　at　the　end　of　the　nineteenth　century，but　this
source　of　data　has　been　Iess　fu11y　exp1oited．
　　　　Paradoxica11y，one　of　the　most　promising　app1ications　of　GPS，vo1cano　monitoring，
has　scarcely　been　explored．As　Shimada〃α／．shows，the　detection　of　deformation
caused　by　magmatic　processes　is　we11within　the　measurement　capabi1ities　of　GPS．
Furthermore，the　signa1s　observed　near　Teishi　vo1cano　were　so1arge　that　the　time－
consuming　post－processing　of　data　required　accurate1y　to　determine　sate11ite　orbits　and
to　extract　the　maximum　precision　attainab1e　by　the　method　was　unnecessary．Conse－
quent1y，Shimadaθ左α／．cou1d　take　advantage　of　the　capabi1ity　of　GPS　for　continuous
unattended　recording　and　obtain　daily　measurements　of　changes　in　base1ine1ength．
　　　　The　eastern　Izu　Peninsu1a　is　one　of　the　most　intensive1y　monitored　regions　on　Earth
and　GPS　was　one　of　many　methods　used　to　measure　crusta1movements，so　its　capabil－
ities　were　by　themse1ves　not　crucia1to　the　observing　programme．In　many　vo1canica11y
active　regions，however，monitoring　is1imited　or　nonexistent　and　conventiona1surveying
is　not　feasib1e．GPS　methods　combined　with　simple　seismic　observations　have　great
P・t・・ti・1f・…pP1yi・gth・ki・d・・fd・t・…d・di・・・・・…f・1…pti・・f・・・…ti・g．
7．　　Conc1usion
　　　AlO－station，GPSfixed－pointnetwork（NIEDnetwork）hasbeenestab1ishedinthe
Kanto－Tokai　district　of　centra1Japan，to　detect　crusta1deformation　in　the　convergence
zone　of　the　EUR，PAC，NA　and　PHS　p1ates．
（！）To　determine　precise　position　of　the　NIED　stations　with　respect　to　the　terrestrial
　reference　frame，we　ana1yze　one－week　of　wor1d－wide　GPS　tracking　data　co11ected
　during　GOTEX－1campaign　carried　out　in　November1988，and　determine　the　coordi－
　nates　of　the　NIED　sites　with　respect　to　the　SV5g1obal　terrestria1reference　frame　with
　one－sigmageocentricpositionerrorsof0．14－O．22mina11threecomponents．Usingthe
　GOTEX　improved　orbit，we　redetermine　the　relative　position　of　the1ocal　network　site
　with　the　one－sigma　standard　deviations　of18－29mm　in　each　component．
（2）Applying　regionaI　orbit　re1axation　methods，the　ana1ysis　of　the　first　seventeen　month
　of　data　revea1s　significant　horizontal　deformation　across　the　Suruga　trough：the　SMD
　site　in　the　northern　tip　of　PHS　p1ate　moves　near1y　westward　with　a　ve1ocity　of28±
5mm／yr　and　the　HMO　site　at　the　southeastem　tip　of　EUR　plate　moves　south－
southwestwardwith　a　ve1ocity　of18±5mm／yr．We　find　no　othersignificant　horizon－
　ta1motions　re1ative　to　the　fixed　ENZ　site．This　indicates　an　absence　of　significant
deformation　across　the　Fossa　Magna　tectonic　zone　between　mrtheast　and　southwest
Japan，across　the　Tokyo　Metropo1itan　area，and　across　the　Sagami　trough．
（3）Significant　up1ifts　with　a　ve1ocity　of19±3mm／yr　are　detected　at　the　HKW　site　in
　the　Akaishi　upIift　zone　in1and　of　the　Tokai　district，and21±7mm／yr　at　the　HTS　site
　on　Hatsushima　Is1and　in　the　Sagami　Bay．Significant　subsidence　with　a　ve1ocity　of
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　　13±4mm／yr　is　detected　at　the　SMD　site　on　the　southem　tip　of　the　Izu　Peninsu1a，and
　　13±4mm／yr　at　the　ICH　site　in　the　Kanto　p1ain．
（4）Regiona1network　analysis　with　station　and　orbit　re1axation　has　been　shown　to　be　a
　powerful　and　efficient　method　for　detecting　crusta1motions　across　p1ate　boundary
　zones　with　dedicated，fixed－point　GPS　arrays．The　availabi1ity　of　re1iab1e　and　precise
　sate11ite　ephemerides　from　a　g1obal　tracking　network　wi11further　enhance　this　tech－
　nique．Contimous　monitoring　with　GPS　can　revea1secu1ar　rates　of　deformation　in　a
　re1ative1y　short　period　of　time，and　may　be　an　important　too1in　monitoring　strain
　variations　over　the　different　phases　of　the　earthquake　cyc1e　by　providing　temporalIy
　dense　measurements　of　deformation．Today　contimous　array　are　important　comp1e－
　ments　to　infrequent　intense　GPS　campaigns　where　dense　spatial　coverage　is　usua11y　the
　goa1．Reduced　costs　of　instrumentation　wi11make　continuous　monitoring　practica1for
　spatia11y　dense　as　weI1as　tempora11y　dense　measurements　of　crusta1deformation．
（5）Using　the　GPS　tracking　data　at　the　HTS　and　KWN　sites　in　the　NIED　network，we
　observe　crusta1deformation　associated　with　seismic　swarm　and　submarine　vo1canic
activity　off　theeast　coast　ofthe　Izu　Peninsu1a　inJuly1989．We　findsignificant　crusta1
　deformation　on1y　in　the　period　of　the　peak　swarm　activity　between　JuIy4and10before
　vo1canic　tremors　occurred　on　Ju1y　l1and12and　a　submarine　Teishi　vo1canic　eruption
　on　Ju1y13．The　difference　between　the　data　before　and　after　the　swarm　indicates　that
theKWN　sitemoved136±5mmto　thesouth，62±12mmtothewest，andabout50±
21mmupre1ativeto　the　HTS　site，andthe　HTS－KWN　base1ine1e㎎thextended145±
4mm．We　have，for　the　first　time，used　GPS　fixed－point　measurements　to　follow　the
　evo1ution　with　time　of　the　crusta1activity；such　measurements　provide　a　continuous
　uninterrupted　record　of　deformation．Our　observations　are　supported　by　independent
　data　from　other　sources，thus　providing　further　evidence　for　the　uti1ity　of　the　GPS
　fixed－Point　measurements．
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Crustal　deformation　by　fixed－point　GPS　interferometry－S．Shimada
　　GPS干渉計の固定観測網による
関東・東海地域における地殼変動の研究
島田誠一
要　　　旨
　近年GPS干渉方式を用い，GPS受信機間の基線を高精度に決定して，地殻変動の観測が行われ
るようになってきた．特に，固定点連続方式では，短期間における広域地殻変動の検出や，群
発辞地震・火山活動等の地殻活動の連続的な観測が可能となる利点がある．防災科学技術研究
所（防災科研）は，このような固定点翻則の利点に着目して，世界初の固定点地殻変動観測網
を関東・東海地域の10カ所の観測点に導入した．
　GPS干渉計による精密基繍則定においては，観測点の地心座標系における精密な座標値を知る
ことが不可欠である．防災科研の関東・東海GPS固定点観測網においては，ユ988年11月に行われ
た国際共同GPS観測実験「GOTEX－1」の7日問のグローバルな20カ所の観測データを，関
東・東海観測網の観測データとともに解析して，北米大陸東部のWestfordを固定点としたとき
の，関東・東海観測網の7観測点の地心座標系における精密位置を，20cmの誤差で決定するこ
とができた．また，観測網内の観測点問の相対位置を，2cmの誤差で決定することができた．
この結果，関東・東海翻則網では，従来GPS精密測距において観測精度向上のために不可欠と考
えられていた，VLBI（超長基線干渉計）やSLR（人工衛星レーザー測距）を使って求めた基準
観測点を用いなくとも，精密基線測定が可能となった．
　次に，関東・東海GPS固定点翻則網の観測当初の17ヵ月問（1988年4月～1989年8月）の観測
データのなかから，概ね15日問隔で連続した2日問のデータをサンプリングし，山梨県の塩山
観測点を固定点としてデータ解析を行った．解析では，既に観測点位置が高精度で求まってお
り，顕著な地殻活動を伴わずに短期問のうちに大きな地殼変動は起こらないと考えられること
から，観測点座標値と衛星軌道パラメータをともにConStraintして最小二乗解を得ることにより，
衛星軌道誤差の基線解析誤差への影響を低減するorbit　relaxation手法を採用した．この結果，
フイリピン海プレート北端部の伊豆半島南部に位置する下田観測点が，3cm／yrの速度で西方
へほぼ定常的に移動していることがわかった．この他の水平成分の変動としては，駿河湾西岸
の浜岡観測点が，2cm／yrで南南西に変動していること，相模トラフをはさんだ基線では，相
模トラフにおけるプレートの沈み込みに対応するような顕著な変動を示していないこと等が明
かになった．これらは，本州中部に衝突しているフィリピン海プレート北端部のプレート運
動・プレート内部変形と，駿河トラフで沈み込んでいるフィリピン海プレートの圧縮力によ
る，陸側トラフ先端の変形によるものと考えられる．また，ト下成分の変動として，南アルプ
スの赤石隆起帯南部に位置する本川根観測点が，2cm／yrの速度で定常的に隆起していること
が検出された．この他，相模湾北西部の初島観測点が2cm／yrの速度で隆起していること，及
びその他の観測点の変動も過去70年問の水準測量から得られた関東・束海地域の上下変動およ
び地形学・地質学から得られた第四紀のこの地域の上下変動のパターンと」致していることが
明かになった．赤石隆起帯は，第四紀において最も隆起量の大きな地域として地形学・地質学
的に知られているが，隆起帯内には水準路線がなく，測地学的に赤石隆起帯のこのような大き
な隆起量が明かになったのは，初めての成果である．また，初島には潮位計が設置されてお
り，初島の隆起は潮位観測データと調和的である．
　関東・東海GPS観測網内の伊豆半島の伊東沖では，1978年から断続的に群発地震活動が発生し
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ていたが，1989年7月には7日間にわたる激しい群発地震の後に，伊東沖の手石海底火山の噴
火活動が発生した．今回の群発地震の震源域をまたぐ初島一川奈問の約！0kmのGPS観測基線
の，1989年5月20日から9月10日までの観測データを解析し，群発地震活動の激しい期間のみ
に，約ユ4cmの基線長の伸びを示す顕著な地殼変動が検出された．基線ベクトルの時問変化か
ら，初島に対して川奈は南へ14cm，西へ6cm移動し，相対的に5cm隆起したことが明らかと
なった．この地殻変動は，明かに海底火山噴火の前に終息しており，火山割れ目が，群発地震
を伴いながら生成され，海底火山噴火は，一連の地殻活動の中では付加的な最終段階のイベン
トに過ぎないことを明かにした．
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